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The application of humic substances (HSs) promotes bioactive effects in plants, stimulating growth and
development, promoting against biotic and abiotic stresses and increasing agricultural productivity.
There are countless examples of fertilizers and biostimulants made from HSs that are capable of being
used to form state-of-the-art intelligent agricultural technologies with increased efficiency due to their
versatility and structural richness. In recent years, the phytotechnics associated with HS application to
foliage have improved, and the applications have been expanded to all plant groups; however, the studies
are disaggregated and still scarce, hindering the integration of data and the implementation of this tech-
nology for researchers, technicians, and specialists. The objective of this review was to gather all possible
evidence related to the ability of HSs to stimulate plant metabolism when applied to foliage. This review
first addressed the characteristics of foliar application and HSs. Subsequently, studies were organized by
plant groups: vegetables, grasses, legumes, fruit, oilseeds, and medicinal and ornamental plants.
Regardless of the plant group, HS foliar application stimulated parameters such as biomass and plant
height and increased levels of photosynthetic pigments and agricultural productivity. Foliar application
promoted protection against stress events, increasing the activity of peroxidase (POX), catalase (CAT),
and phenyl alanine ammonium lyase (PAL) enzymes. Fruit quality also improved with HS foliar applica-
tion, especially the total sugar content and the amount of oil, protein, and fiber, among others. Based on
this review, we propose studies that integrate new forms and technologies of HS foliar application to
plants. Experiments with various sources of origin, plant types, and environments are necessary to stan-
dardize the application forms of these compounds. Thus, we conclude that HSs are a viable technology
that is environmentally friendly and highly accessible to small farmers and family farmers.
� 2023 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The eradication of hunger, food insecurity, and all forms of mal-
nutrition is one of humanity’s greatest challenges. It is estimated
that in 2020, between 720 and 811 million people went hungry
in the world and that more than 2 billion individuals did not have
access to adequate food; both values indicate significant increases
compared to those in previous surveys, and this situation is exac-
erbated by the increase in the world’s population up to eight billion
people in 2022(FAO, 2022). Thus, it is essential to adopt modern
agricultural practices capable of meeting this demand for food,
using more sustainable approaches that reduce soil degradation
and water contamination (Cristofano et al., 2021; Lipper et al.,
2014). Plants biostimulants such as amino acids and humic acids
are among the most effective approaches in this regard (Souri
and Hatamian, 2019; Amiri Forotaghe et al., 2022; Najarian et al.,
2022).

Humic substances (HSs) are materials derived from the decom-
position of plant, animal, and microbial residues and from the
metabolic activity of soil microorganisms, corresponding to
approximately 80% of soil organic matter (SOM), and they are also
found in aquatic environments and the atmosphere (Amador et al.,
2018). These compounds are known to have biostimulant proper-
ties and are used by farmers to reduce the use of agrochemicals
andmore efficiently use nutrients to achieve more sustainable food
production (Monda et al., 2021). This is mainly because they can
interact with plants in a positive or negative way, stimulating or
inhibiting plant development, which is also referred to as HS bioac-
tivity. These substances beneficially affect the life cycle of plants
through their role in root and leaf development, increased nutrient
absorption, and the regulation of enzymes fundamental to plant
metabolism. Notably, the bioactive potential of HSs depends on
factors such as the species receiving the HSs, the organ treated
with HSs, plant age, HS recommended dose, the source of organic
material from which the HSs were extracted, and the specific
physicochemical characteristics of the HSs (Zandonadi et al., 2014).

The stimulating action of HSs is well recognized in the scientific
literature. The bioactivity that HSs exerts on plants is highly
dependent on the HS structural characteristics and initially occurs
through chemical-physical interactions with the plant root system
(Asli and Neumann 2010). Such HS-root interactions promote pore
clogging and modify their functioning, creating a perception of
mild stress called ‘‘eustress” in plants. Under this physiological
condition, plants regulate the levels of reactive oxygen species
(ROS) through the synthesis of redox enzymes. This mechanism
of action promotes root growth in plants and protects against
stress (García et al., 2016; Castro et al., 2021, 2022). Studies con-
ducted by de Hita et al. (2020) showed that the beneficial effects
of HSs when applied to both foliar and root tissues were due to
adaptation to mild stress that is regulated mainly by the action
of jasmonic acid.

Thus, the effect of HSs on plants when applied via foliar appli-
cation has been established. Foliar application is a fertilization
method widely used as an alternative to soil application of fertil-
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izer, thus contributing to more environmentally sustainable agri-
culture. This practice has been used to apply macro- and
micronutrients, as well as biostimulants and humic fertilizers,
favoring the assimilation and use of nutrients by plants and
increasing crop yield and quality (Manuel-Tejada et al., 2018).
The use of HS-enriched compost extracts is an economically impor-
tant tool for foliar spraying, especially when soil nutrient absorp-
tion is impaired, such as under calcareous conditions due to
nutrient precipitation. However, this type of fertilization is limited
to certain climatic conditions since high temperatures, rainfall, and
wind reduce its efficiency. Similarly, high application rates can
damage plants, such as through leaf burns due to the concentration
of salts after water evaporates (Jindo et al., 2020).

HSs have the ability to protect plants against abiotic and biotic
stresses, as well as stimulate their growth and development, pro-
moting increases in yields and agricultural production
(Perminova et al., 2019). HS use in fertilizers and plant biostimu-
lants has grown in recent years and is part of the phytotechnics
and current management of various crops in various parts of the
world (Olk et al., 2018). Despite this scenario, there is still a need
to understand the modes of action and the regulation mechanisms
that govern plant actions when HSs and HS-based fertilizers are
applied via foliar application. Most current studies are incomplete
and still insufficient, which hinders the advancement of research
and the understanding of specialists and technicians in the fields
and areas in question. Thus, the present review aims to identify
and consolidate the main results obtained in these studies of HS
foliar application in the most diverse crops of economic interest,
either in field experiments or in greenhouses. For this study, spe-
cies were separated into the following groups: vegetables, grasses,
legumes, fruits, oilseeds, and medicinal and ornamental plants.
Thus, a general evaluation of the ability of HS to improve plant
development and growth through foliar spray was conducted,
and based on the level of stress protection from HS, ideal doses
and application times were determined.
2. Foliar fertilization

The ability of plants to absorb water from the environment
through their leaves has been known for approximately three hun-
dred years. However, nutrient absorption and its physiological
effects were only demonstrated in the 19th century, such as
through the pioneering work of Gray in 1843, who evaluated the
foliar application of nutrient solution as an alternative fertilization
of grapevines (Fernández et al., 2013). In parallel with these stud-
ies, there was also progress in understanding the surface structure
of leaves (Brongniart 1834; von Dohl 1947). During the second half
of the 19th century, studies on gas exchange, transpiration, leaf
anatomy, and physiology were published (Boussingault 1868;
Merget 1873; Sachs 1884, van Wissenlingh 1895). In the 20th cen-
tury, researchers used techniques with radioactive isotopes com-
bined with electron microscopy to help establish the basis for
foliar fertilization (Mocellin 2004; Fernandez and Eichert 2009).
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The foliar fertilization technique consists of supplying nutrients
directly to the leaves by spraying a solution containing one or more
nutritive elements essential for plant development that must be
distributed to the other parts of the plant (Mocellin 2004;
Fernández et al., 2013). This method is considered fast and efficient
in overcoming plant malnutrition, as it supplies plants with nutri-
ents more readily compared to soil application (uptake via the
root) (Fageria et al., 2009). However, foliar fertilization should
not completely replace soil fertilization but should be a comple-
mentary technique to be performed in critical periods of high plant
demand or when soil nutrients are not available (Nachtiqaü and
Nava 2010).

One of the factors that influences the performance of foliar fer-
tilization is the characteristics of the plant itself, especially the
leaves. Leaf surfaces are usually covered by cuticles, which are cov-
ering tissues composed of hydrophobic biopolymers that block
moisture loss (Kritzinger and Lötze 2019). The cuticles may have
embedded waxes (intracuticular) or deposits on their surfaces (epi-
cuticular), and their main polymers are cutin and cutaneous, which
are found in varying proportions depending on the plant species
(Jeffree 2007). Due to these components, the cuticle has a complex
network of interesterified fatty acids (C16 and/or C18), in addition to
n-alcohols (C20-C40), n-aldehydes, and n-alkanes (constituents of
waxes) (Fernández et al., 2013).

Because of this hydrophobic characteristic of leaf surfaces,
cuticular permeability is required for nutrient solution flow. In
addition, cuticles are generally composed of three layers: the
outermost layer, where epicuticular waxes predominate; the
matrix layer of biopolymers (cutin and/or cutaneous) and intracu-
ticular waxes; and the innermost layer, containing, in addition to
the aforementioned biopolymers, polysaccharides from the cell
walls of epidermal cells. The middle lamellae and pectin layers
are found just below this innermost cuticular layer so that some
amount of polysaccharide fibrils and pectin lamellae extend from
the cell wall, connecting this underlying tissue with the cuticle
(Fernández et al., 2013). Thus, there is a gradual increase in the
negative charges of the epicuticular wax toward the pectin layer,
which creates an electrochemical gradient and may cause the
movement of cations and water molecules (Franke 1967). There
is an area of study that considers the possible presence of ‘‘aqueous
pores” arising from the absorption of water molecules by polar
units of the cuticle, which would explain the penetration of hydro-
philic solutes. However, no evidence has been found to support
this theory (Fernández et al., 2013).

There are different structures on plant surfaces (stomata, tri-
chomes, and lenticels) that can also absorb nutrient solutions
and other chemicals. Stomata are small, specialized pores consist-
ing of two guard cells, whose opening and closing dynamics con-
trol gas exchange between the leaf and the atmosphere (Gerardin
et al., 2018; Huang et al., 2020). Trichomes are unicellular or mul-
ticellular appendages that protrude from the epidermis
(Bustamante-Eguiguren et al., 2020) and may facilitate the absorp-
tion of nutrients due to their low cutinization (Tagliavini and
Toselli 2005). Lenticels are macroscopic epidermal structures that
can be found on stems, pedicels, or fruits and can also absorb solu-
tions applied to the aerial parts of plants (Fernández et al., 2013).

Evaluating the possible absorption via stomata of aqueous solu-
tions, (Burkhardt et al., 2012) confirmed the occurrence of this pro-
cess, as the abaxial (stomatal) surface of apple leaves absorbed
more than the adaxial (nonstomatal) surface. In the same sense,
(Schreel and Steppe 2020), a review on foliar water uptake by sev-
eral groups of plants highlighted the fundamental role of stomata
in allowing the entry of water and other solutes into plant cells.
The two studies cited above also emphasize the influence that
aerosol particles (for example, hygroscopic salts) naturally depos-
ited on leaf surfaces exert on leaf wetting and water absorption.
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These substances, when undergoing repeated cycles of deliques-
cence (absorption of moisture from the air until it forms a solution)
and efflorescence (loss of water to the atmosphere), can cause the
development of thin water films on the hydrophobic surface of
leaves. Such hygroscopic particles are able to change the cuticular
hydrophobicity and water surface tension, allowing increased wet-
ting of the leaf surface and favoring the absorption of water and
nutrients. (Burkhardt et al., 2012).

In addition to the natural deposition of hygroscopic substances
on leaf surfaces, wetting and absorption of nutrient solutions into
these aerial organs can also be boosted by the addition of co-
formulants in the fertilizer solution being applied, which are also
known as adjuvants. There are several types of these products that
are categorized according to their mode of action: surfactants (re-
duce surface tension), adhesives (increase solution retention,
ensuring greater resistance to rain), penetrants (increase the rate
of foliar penetration, ‘‘solubilizing” cuticles), humectants (slow
down the drying of the solution by lowering the deliquescence
point of the formulation on the leaf), among others (Fernández
et al., 2013). Rodrigues et al. (2020) evaluated the foliar application
of lanthanum (La) and cerium (Ce) nitrates in soybean and found
that the addition of the 0.01% surfactant Triton HW 1000 reduced
the droplet contact angle on both sides of the leaves, increasing
wettability. Due to this increased efficacy in the wetting of leaf sur-
faces and the absorption of fertilizers by the plants, the adjuvants
also contributed to reducing negative environmental impacts given
the use of smaller amounts of active ingredients in the formula-
tions and given the fact that most of the applied product is actually
used by plants (Kovalchuk and Simmons 2021).

Despite the advantages of foliar fertilization, it is difficult to
predict the responses of plants since the effectiveness of this pro-
cedure depends on several factors, such as the plant species in
question, leaf cuticle composition, application time, phenological
aspects, and environmental conditions (Portu et al., 2015). Accord-
ing to Fageria et al. (2009), for foliar uptake to be efficient, it is
essential that the stomata are open and that the temperature is
not too high to avoid damage such as leaf burns. Similarly, these
authors recommend that applications should not be performed
on windy and rainy days until 4 h after spraying, which would
affect foliage wetness. del Amor and Cuadra-Crespo (2011) worked
with pepper plants (Capsicum annuum L., cv. Herminio) and high-
lighted the influence of temperature on the antioxidant response
of the plant after foliar application of urea. The timing of spraying
may also be a determining factor in the success of this fertilization
technique. Analyzing the foliar application of manganese (Mn) to
cucumber (Cucumis sativus L.) to increase resistance against pow-
dery mildew (fungal disease caused by the fungus Podosphaera
fuliginea), Eskandari and Sharifnabi (2020) found that the shortest
interval between nutrient spraying and pathogen inoculation
resulted in maximum fertilization efficacy. Portu et al. (2015) stud-
ied the production of phenolic compounds in grapes after foliar fer-
tilization with urea and emphasized that the plant responses were
related to the application time since the accumulation of such
compounds intensified after maturation, when vegetative growth
is slower, favoring this greater reserve of secondary metabolites.

Frioni et al. (2021) evaluated the influence of Ascophyllum nodo-
sum, a brown alga, extract on vines subjected to progressive water
stress, comparing two application methods: foliar and soil. These
authors found that the two forms of treatment had contrasting
results, with foliar spraying being more effective than soil applica-
tion, preserving the integrity of the photosynthetic apparatus and
more quickly restoring the physiological function of the leaf during
the rehydration period. Similarly, Zhou et al. (2021) studied the
effect of foliar and soil applications of selenium (Se) and silicon
(Si) to reduce cadmium (Cd) toxicity in wheat varieties (Triticum
turgidum L.). Soil application of Si and Se was effective in control-
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ling Cd concentrations in both varieties, while the foliar method
was successful for only one variety. These results were due to
the regulation of Cd transporter genes and improvement in the
activity of antioxidant enzymes. On the other hand, Boldrin et al.
(2013) concluded that soil Se application was more effective than
foliar application in increasing Se concentrations in rice grains.

Another way of performing foliar fertilization of crops is using
HSs, which are structurally irregular organic materials widely pre-
sent in soils, rivers, oceans, and sediments, in addition to natural
resources related to coal (peat, leonardite, and lignite) (Jung
et al., 2021). Such substances are compounds formed by the chem-
ical and biological transformation of animal and plant residues
through the action of soil microorganisms and have the ability to
promote plant growth and the assimilation of the main nutrients
required by plants, such as nitrogen (N), phosphorus (P), and potas-
sium (K) (Leite et al., 2020). However, due to their great structural
complexity, the nature of HSs still unclear, so the relationship
between their beneficial effects on plants and their molecular
structure has been the subject of many studies that have even pro-
duced contrasting results (Pizzeghello et al., 2020). Thus, the main
forms of action of HSs on plant development are discussed next,
and the results of studies that evaluated its foliar application to dif-
ferent crops will be presented (Fig. 1).

3. Humic substances and their action in plants

HSs consist of complex mixtures of heterogeneous organic
materials naturally present in soils, waters, and sediments
(Stevenson 1994) that have been extensively transformed since
their production, for example, by plants (Tranvik 2014). Opera-
tionally, they can be separated and classified into the following
fractions: fulvic acids (FAs, soluble in acid and alkaline pH), humic
acids (HAs, insoluble at acid pH and soluble at alkaline pH), and
humin (insoluble at acid and alkaline pH) (Stevenson 1994).

HSs are formed through a process known as humification, a
heterogeneous and complex process, where chemical, biochemical,
and enzymatic transformation reactions occur in soils and in natu-
ral systems, decomposing and creating conditions for the forma-
Fig. 1. Leaf structure, showing the cuticles covering hydrop
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tion of new chemical structures with greater stability than their
precursors. The humification process depends on the chemical
and structural characteristics of the molecules incorporated into
the soil and the extent to which this process occurs. The humifica-
tion rate is regulated by environmental conditions, that is, soil
moisture, mineralogical composition, and the quantity and diver-
sity of soil biota. Humification will therefore produce the specific
HSs in each environment where they are formed. Thus, a HS has
a single structural nucleus with a supramolecular organizational
level, specific and common to this group of compounds but with
varying relative amounts of structures in its composition (Aguiar
et al., 2022).

The supramolecular structural model applied to HSs seems to
better explain the chemical properties and functions of HSs in
the environment. In the supramolecular structural model, HSs
are composed of small heterogeneous molecules that are arranged
in structures of larger molecules and are united by weak inter-
molecular interactions, van de Waal interactions, hydrophobic
interactions (p -p, CH-p) and hydrogen bonds (Piccolo 2002,
Nebbioso et al., 2014). The structure of HSs in a supramolecular
organization is considered stable in the soil, where these com-
pounds are organized themselves with a surface domain formed
by polar, hydrophilic structures, involving a domain disposed
toward the interior of the structure with aromatic and hydropho-
bic characteristics (Fischer 2017). Computational chemical model-
ing has already shown that the formation of supramolecular
structures occurs in the soil and begins with an absorption at the
reactive surfaces of the soil mineral fraction of smaller molecules
or partial molecular subaggregates that serve as the basis for the
formation of larger multimolecular aggregates (Gerzabek et al.,
2022) (Fig. 2).

HSs have the ability to improve the nutritional status of plants
in different ways: increased expression of gene isoforms that
encode for plasma membrane proton pumps (PM H+ -ATPase) of
roots and increase their activity (Tavares et al., 2017; Zandonadi
et al., 2007); promotion of ion transport to plant tissues; regulation
of the expression of genes that encode the main nutrient trans-
porters in the roots; and increased activity of enzymes that affect
hobic tissues. Extracted from Fernández et al. (2013).



Fig. 2. Illustrative scheme that shows the formation of supramolecular humic
structures from the deposition of organic matter in the soil. 1) Deposition of plant
and animal debris in the soil. 2) Incorporation of organic molecules into the soil,
decomposition products, and 3) formation of humic fractions and dissolved organic
carbon (Aguiar et al. 2022).
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the use of nutrients (e.g., nitrate reductase, glutamine synthetase,
glutamate synthase, and phosphoenolpyruvate carboxylase - PEP-
case,)(Urrutia et al., 2020). Therefore, HSs act on nitrogen assimila-
tion and carbon metabolism, in addition to the synthesis of
secondary metabolites, such as phenylpropanoids (Zanin et al.,
2019).Vaccaro et al. (2015) found a positive effect of low HS doses
on the activities of the main enzymes involved in the reduction and
assimilation of inorganic nitrogen in maize seedlings, while
Leventoglu and Erdal (2014) found no positive effects of high HS
rates on plant growth and nutrient concentrations in maize grown
in highly calcareous soils. In turn, Akladious and Mohamed (2018)
found that the highest dose of HA (1500 mg. kg�1 of soil) was more
effective than the lowest dose (750 mg. kg�1 of soil) in increasing
the levels of nitrogen, phosphorus, and potassium in pepper plants
(Capsicum anuum L.) subjected to salt stress. These authors also
observed the influence of HS on the contents of antioxidants and
secondary metabolites, as evidenced by increases in the levels of
anthocyanin, ascorbic acid, and total flavonoids in the shoots of
pepper plants.

Due to all the influence of HS on the promotion of plant growth,
whether they exert possible hormonal activity is a question. Over
the last decades, several studies have demonstrated this other
potential HS action in stimulating plant development (O’Donnell
1972; Albuzio et al., 1989; Nardi et al., 1994; Varanini and
Pinton 1995; Muscolo et al., 2013; Nardi et al., 2021). There is evi-
dence that HSs can be considered an environmental source of
indole acetic acid (IAA), a type of auxin, which is the most studied
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class of phytohormones acting in cell division and expansion
(Zandonadi et al., 2010). It is believed that HSs can behave as an
exogenous auxin, regulating root growth and morphology. This is
because these humified materials enclose IAA and other molecules
with IAA-like activity, which may be of microbial or plant origin in
the soil (Nardi et al., 2021). In addition to auxins, activities related
to other phytohormones, such as cytokinin and gibberellin, have
been observed in HSs. Pizzeghello et al. (2013) found for the first
time the presence of isopentenyladenosine (IPA), a cytokinin, at
physiologically active concentrations in humic materials from dif-
ferent sources, while authors such as Nardi et al. (2000a, 2000b)
and Pizzeghello et al. (2002) reported gibberellin-like activities in
HSs. According to Nardi et al. (2018), this hormonal action
observed in HSs reasonable since soils have variable auxin con-
tents, which are higher in more fertile soils. In addition, these
authors also stated that the levels of auxin and gibberellin are, as
a rule, higher in the rhizosphere region, possibly due to the
increase in microbial populations and metabolism due to the pres-
ence of root exudates. Finally, the authors emphasized that the
observed hormonal effects did not necessarily correlate with the
auxin levels identified in the HSs, thus fueling the debate about
the possible presence of different auxin family compounds or
humic structure molecules that mimic the action or stimulate the
endogenous metabolism of this phytohormone in plants.

Another relevant point in studies on the effects of HSs on plant
growth was the protective action that these substances confer to
plants against various types of stress. Many studies have been pub-
lished identifying the importance of HS in acting against stresses
caused by heavy metals (Pittarello et al., 2018; Duan et al., 2020;
Haider et al., 2021), salinity (Hatami et al., 2018; Saidimoradi
et al., 2019), drought (Khorasaninejad et al., 2018; Qiu et al.,
2021), and high temperatures (Cha et al., 2020; Khan et al.,
2020). Yildirim et al. (2021) found that the application of a formu-
lation containing HA and FA was effective in mitigating the nega-
tive impacts caused by cadmium (Cd) accumulation in garden
cress (Lepidium sativum L.).

These authors found that treatment with HSs increased the
fresh and dry mass of roots and shoots, the stem diameter, the leaf
area, and the nutrient contents and reduced the activities of the
antioxidant enzymes catalase (CAT) and superoxide dismutase
(SOD) and increased the activities of the enzyme peroxidase
(POD). HSs contribute to plant development under stress condi-
tions by improving photosynthesis, respiration, cell membrane
permeability, and absorption of nutrients such as phosphorus
and potassium, in addition to ensuring a hormonal balance (Kaya
et al., 2020). The application of these humified compounds under
stress can also trigger an antioxidant response. Stress from metals,
such as Cd, increases the generation of ROS, such as hydrogen per-
oxide (H2O2) and superoxide anion (O2

.-) (Ozfidan-Konakci et al.,
2018).

Despite the toxicity caused by ROS, these chemical species also
have the potential to act as signaling and regulatory molecules.
During abiotic stresses, the ROS produced signal changes and reg-
ulate gene expression (Demidchik et al., 2007). The action of the
negative or positive effects of ROS depends on the homeostasis bal-
ance between the production and elimination of ROS that may
alter the regulatory role of these signaling substances, favoring
negative effects (Monda et al., 2021). According to García et al.
(2019), the interactions between humic fragments and plant roots
cause changes in redox homeostasis, which regulates ROS levels
and mediates the action of HSs in plants, especially mechanisms
associated with root growth and development. This interaction of
HSs with the roots causes agglomeration on the root surface, lead-
ing to the expression of antioxidant enzymes such as CAT and
increasing the levels of ROS, which act as intermediates in plant
growth (García et al., 2012). Thus, when applied to the soil or
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plants as biostimulants, HSs can act as eustressors, which are stress
factors that trigger a mild and transient stress level in plants,
resulting in improvements in metabolism and vegetable produc-
tion (Castro et al., 2021). Hydrogen peroxide (H2O2) is a ROS that
is quite stable in plants and diffuses through membranes so that
small concentrations of H2O2 can result in the adaptation of plants
to various types of stresses, and this process can occur through its
role as a signaling molecule (García et al., 2012). Working with the
application of HAs from different origins in rice plants (Oryza sativa
L.), Castro et al. (2021) observed that initially (96 h), treatment
with humic material reduced the photosynthetic performance of
the plants. However, after 144 h of application, there was an
increase in photosynthesis, and after 192 h, photosynthetic activity
was re-established, resulting in changes in nitrogen metabolism
and plant development, indicating that there was a state of eus-
tress after HS application.

The action of HSs in plants is directly related to the HS structure
(Fig. 3). Studies performed with 37 fractions of humified organic
matter showed that when applied to rice plants via the roots, the
C-aliphatic, substituted C-aromatic, and C-carboxylic structures
in HSs are responsible for root growth, while in HAs, the C-
aliphatic, unsubstituted C-aromatic, and C-carboxyl structures
account for the bioactivity in plants (García et al., 2016). As previ-
ously noted, HSs are able to stimulate plant growth through eus-
tress, a type of mild, beneficial stress that promotes biomass
increase, improves plant nutrition, and protects against abiotic
stress. (García et al. 2019). HS-type compounds obtained from lig-
nin residues showed that the structures responsible for bioactivity
in maize plants are C-methoxyl and C-aromatic (Savy et al., 2020).

In Monda et al. (2018), more hydrophobic humic materials were
active at low concentrations than at high concentrations, favoring
their adhesion to the root surfaces of maize (Zea mays L.), and those
with a higher content of phenolic compounds (potential inhibitors
of nitrogen absorption) exerted this bioactivity at higher concen-
trations, forming larger and conformationally more stable
supramolecular aggregates and preventing the release of these
toxic molecules. In a recent review of the relationship between
the structural composition and bioactivity of HSs, Nardi et al.
(2021) stated that these effects of plant growth promotion depend
on factors such as HS origin, dosage, degree of hydrophobicity and
aromaticity, and molecular size and the spatial distribution of the
hydrophobic and hydrophilic domains. The authors highlighted
that HSs with smaller molecular sizes are able to enter root cells
and directly trigger intracellular signals, while those with larger
Fig. 3. Structure-property-function relatio
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molecular sizes can bind to external cellular receptors to induce
molecular responses.
4. Foliar application of HSs to plants

HSs have been shown to have beneficial effects on various plant
groups, such as vegetables, grasses, legumes, fruit, oilseeds, and
medicinal and ornamental plants. The effects are diverse and
include changes at the biochemical, morphological, and stress-
protection levels (Table 1). Due to all the effects of HSs in promot-
ing plant growth previously reported, these substances are widely
used as biostimulants for several crops of agronomic interest.
Although most studies address the application of these humic
materials to plant roots, another way of supplying HSs is through
its direct application to leaves (Olaetxea et al., 2018). Unlike the
effects of HSs on roots (H+-ATPase activation, ion transport in the
plasma membrane, hormonal responses, among others), the effects
on leaves have been minimally explored, and there are reports that
foliar application of humified compounds increases chlorophyll
levels and acts on photosynthesis. In addition, foliar application
also influences transpiration, although the mechanisms are still
uncertain, with increases and decreases in water loss and gas
exchange in leaves (Rose et al., 2014).

The studies performed by Olaetxea et al. (2018) highlighted that
the positive effects of HS application to leaves are probably regu-
lated by mechanisms different from those triggered by HS applica-
tion to the roots. These authors also emphasized that it is possible
that HS treatment via leaves under field conditions also generates
some effect on the soil because part of the applied solution does
not reach the leaves or there is eventual HS runoff after application
to the leaves. However, in cultures with large leaf surfaces and high
plant density, this fact becomes negligible. Furthermore, foliar
spraying of HSs alone can stimulate the development of both roots
and shoots of treated plants, and this method has the potential to
be more economical than soil application because the quantities of
product demanded are relatively low (Chen and Aviad 1990).
Kishor et al. (2021) found that in comparison to the control treat-
ment with only NPK fertilizer, the combined application of HA to
leaves and the soil, plus 100% of a recommended dose of fertilizer
(NPK) in three plots plus the foliar spraying of a nutrient mixture,
was the most efficient treatment and had the highest economic
return in coffee plants, increasing their yield, as well as the nutri-
ent contents in the leaves.
nship of the effect of HSs on plants.



Table 1
Main increases observed after foliar application of humic substances in cultures of different groups (% TSS = percentage of total soluble solids).

Group of Plants Variables with Observed Increases Species References

Fruits Plant height, Number of leaves, Average
fruit weight, Number of fruits
% OSH, Yield

Tomato, Pepper,
Cucumber, Eggplant

de Hita et al., 2020; Azarpour, 2012; Karakurt et al., 2009; Olivares et al.,
2015

Leafy vegetables Plant height, Stem diameter, Head
width, % Nutrients in the leaf

Lettuce, Broccoli,
Cauliflower

Rachid et al., 2020; Raheem et al., 2018

Tuber vegetables Bulb weight, Teeth pungency, Number
of leaves, Tuber yield

Garlic, Onion, Potato Balmori et al., 2019; Kandil et al., 2012; Man-hong et al., 2020

Grasses Number of tillers, Root surface, Harvest
index, Grain yield

Rice, Corn, Sorghum
Wheat

Anjum et al., 2011; Delfine et al., 2005; Felipe et al., 1998; Osman et al.,
2013

Legumes Plant height, Number of pods, Seed
weight, Yield

Beans, Peas, Soybeans Basha et al., 2020; Kaya et al., 2005; Lenssen et al., 2019

Fruit trees Plant height, Stem diameter,
Chlorophyll content in leaves, Fruit yield

Grape, Guava, Mango
Passion fruit

Abdulhameed Ibrahim and Abdulali Al-Sereh, 2019; Cavalcante et al.,
2013; El-Hoseiny et al., 2020; Ferrara and Brunetti, 2010

Medicinal oilseeds Plant height, Leaf area, Photosynthetic
efficiency, % Oil in seeds

Sunflower, Rapeseed, Mint
Sesame,

Deotale et al., 2019; Lotfi et al., 2015; Shahabivand et al., 2018; Shindhe
et al., 2020

Ornamental Number of flowers, Flower diameter,
Flowering duration, Pot life

Calendula,
Chrysanthemum,
Gladiolus, Petunia

Ahmad et al., 2013; Boogar1 et al., 2014; Hasan, 2019; Mazhar et al.,
2012ª
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Similarly, De Hita et al. (2020) explored the distinction between
the effects of sedimentary HA application to the leaves and to the
roots of cucumber plants (Cucumis sativus L. var. Ashley). The
authors found important similarities and differences between the
two methods of HA delivery. Both forms of application promoted
the growth of both the shoots and the roots, with increases in
the concentrations of IAA in the roots and of cytokinins in the
shoots. It was also found that short-term foliar spraying reduced
the number of secondary roots (unlike root application) and
increased the length and dry mass of taproots. The researchers
explained these results based on the root concentration of two
phytohormones involved in the regulation of root growth: IAA
and abscisic acid (ABA). While root application increased IAA and
ABA levels, foliar spraying only increased IAA levels. Although
the ABA root contents decreased with the HA foliar supply, this fact
did not affect root growth, as verified by the higher dry matter pro-
duction, in contrast to the results of Olaetxea et al. (2019), where
the application of an ABA biosynthesis inhibitor impaired the root
development of this same cucumber variety. Therefore, De Hita
et al. (2020) stated that other factors must be involved in the
observed effects of HA foliar application on growth and root archi-
tecture. On the other hand, this decrease in ABA levels in the roots
may have been associated with the growth of the shoots after foliar
spraying.

Another point highlighted by De Hita et al. (2020) is that foliar
application of HA may have triggered signaling pathways, as the
interaction of humic compounds with leaf surfaces does not occur
naturally, which may induce plants to perceive this as a stressor,
activating signaling networks such as a defense mechanism. In this
case, the plants activated the salicylic acid and jasmonic acid (JA)
signaling pathways. The foliar-treated plants showed an increase
in the levels of JA and jasmonoyl isoleucine (JA-Ile), the active form
of the hormone, in the roots and shoots, while root application of
HA increased the level of this hormone only in the roots. The
authors stressed that these hormonal changes are symptoms
related to stress, associated with the loss of leaf trichomes and
the decrease in chloroplast size, reaffirming the hypothesis that
the observed beneficial effects were the result of a mild and tran-
sient stress condition caused by application of HA.

4.1. Foliar application of HS in vegetables

Vegetables are herbaceous or subwoody plants, generally inten-
sively cultivated in short cycles, and they are usually cultivated in
small vegetable gardens (Zárate and Vieira 2017). They are sources
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of vitamins, fiber, minerals, and other bioactive compounds, and
their consumption is widely recommended for improving human
health; they also play a key role in strengthening family farming
(Faulin and Furquim De Azevedo 2003). This group of plants can
be subdivided according to the parts used for human consumption;
for example, the edible parts of tuberous or underground vegeta-
bles are located below the soil surface (potatoes, yams, onions, gar-
lic, yams, cassava, beetroot, sweet potato, carrot, etc.); the edible
parts of herbaceous or leafy vegetables develop above the soil sur-
face, with succulence and softness characteristics (lettuce, cabbage,
spinach, etc.); and the edible part of fruit plants are the green or
ripe fruit (squash, tomato, cucumber, melon, watermelon, pepper,
etc.) (Camargo Junior et al., 2018). Many vegetable species have a
relatively low nutrient use efficiency compared to that of other
crops (Tei et al., 2020). This scenario results in excess fertilization
of the soil, which is then negatively affected (Zandonadi et al.,
2014). Thus, more sustainable agriculture based on organic inputs,
including the use of HS-based foliar fertilizers, may be a solution.

Lettuce (Lactuca sativa L.) is among the most studied vegetable
species in relation to foliar application of HSs. Wang et al. (2019)
evaluated spraying a solution containing FA at concentrations of
0, 0.1, 0.3, 0.5, 1.0, and 2.0 g. L-1 on lettuce plants subjected to cad-
mium (Cd) stress. The authors found that the FA treatment miti-
gated the negative effects of Cd stress in a dose-dependent
manner, where the intermediate dose of 0.5 g. L-1 was the most
effective in reducing the accumulation of this heavy metal in the
roots and shoots of the plants. A significant increase in shoot and
root growth; greater protection of the photosynthetic apparatus,
especially photosystem two (PSII), to Cd stress; a reduction in
the accumulation of ROS; and an increase in the activity of antiox-
idant enzymes, such as ascorbate peroxidase (APX) and CAT, were
observed in this study. In addition to the use of HSs to protect
plants against abiotic stresses, many other studies have found
improvements in several parameters related to the development
of lettuce plants. Rodrigues et al. (2018) and Santos et al. (2018)
observed that the application of HA from an alternative and com-
mercial source benefited the growth of lettuce seedlings of the cul-
tivar Elba, and the best doses were 3.0 mg. L-1 (both HA sources) in
the first study and 21.9 g. L-1 of the alternative source and 7.3 g. L-1

of the commercial source in the second study.
In turn, Hernandez et al. (2015) evaluated the application of

potassium humate isolated from cattle manure vermicompost
directly to the leaves of the lettuce cultivar Black Seed Simpson
in an urban organic farming system in Cuba. The humates were
applied at concentrations of 0, 10, 15, and 20 mg C. L-1 at 10 and
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15 days after transplanting. The authors found that of the humate
concentrations, 15 mg C. L-1 was the most efficient for increasing
the number of leaves per plant, reducing carbohydrate levels, and
increasing the protein content and activities of the enzymes nitrate
reductase (NR) and phenylalanine ammonia lyase (PAL), with the
latter being fundamental in the synthesis of phenolic compounds
that act in the defense of plants against herbivores. It was also
hypothesized that compounds present in the humified complex
may act as inducers of PAL activity. These authors also highlighted
that the application of humates directly to the leaves activated
their metabolism, accelerating development by reducing the pro-
duction cycle, without affecting the commercial quality of the
plants, which is a possible mechanism for improving urban agricul-
ture. In addition to lettuce, other leafy vegetables, such as broccoli
(Al-Jaf et al., 2018), cauliflower (Rachid et al., 2020), and asparagus
(Tejada and Gonzalez 2003), have also been the subject of studies
on the foliar application of HSs, and all vegetables experienced
responses related to developmental characteristics.

Of the different vegetables, tuberose or subterranean plants are
another group that has been widely studied. Two recent studies on
potato (Solanum tuberosum L.) found that foliar application of HSs
increased tuber yield (Man-hong et al., 2020; Wadas and Dziugieł
2020). However, only the first study showed a significant increase
in chlorophyll levels under water stress conditions in a controlled
experiment in a greenhouse. The authors of the second study did
not find an increase in chlorophyll contents in a field experiment
on a Luvissol and reported that this parameter depends on the cul-
tivar used and the climatic and soil conditions. In turn, Dziugieł
and Wadas (2020) performed a similar experiment under the same
field conditions as the aforementioned study by the same authors
Wadas and Dziugieł (2020) in three successive years, where the HS
leonardite (12% HA and 6% FA) was sprayed twice (first in the leaf
development stage and again one week later). The results showed
that there was not an increase in the number of tubers per plant
but an increase in the average weight of the tubers, resulting in a
higher total and marketable yield. In addition, these researchers
found that HA application produced better results in the coldest
growing season with periodic water shortages than in the hottest
growing season during potato development, reaffirming the effect
of HSs related to overcoming water stress, for example, reducing
the rate of transpiration. On the other hand, Suh et al. (2014), eval-
uating the foliar spraying of FA plus soil application of HA in this
same crop, observed that the direct treatment on the foliage did
not affect the number of tubers or their total yield and chemical
composition. However, in this experiment, there was an increase
in the weight of extra-large tubers (greater than250 g), increasing
the incidence of hollow heart disease, which led the authors to
state that under the conditions evaluated, FA spraying is not
recommended.

Garlic (Allium sativum L.) and onion (Allium cepa L.) belong to
the same genus and are also classified as underground or tuberous
vegetables. In addition, there are many reports in the literature
addressing the foliar application of HS-based products to these
species. Regarding garlic, there are studies showing both an
increase in the levels of macro- and micronutrients, the pungency
of the cloves (Manas et al., 2014), the weight of the bulbs, yield of
cloves per bulb, and storability (Abdel-Razzak and El-Sharkawy
2013). Balmori et al. (2019) evaluated the effects of spraying a liq-
uid humic extract derived from vermicompost in a field experi-
ment 45 days after planting garlic seeds. The authors observed
an increase in the external mass of garlic cloves, in addition to
commercial quality parameters, and they related these responses
to the structure of the applied humic material, with a predomi-
nance of aliphatic compounds such as carbohydrates, peptides,
and more labile lignin fragments, which conferred the bioactivity
potential of the applied HS. Regarding the onion crop, Kandil
500
et al. (2012) showed that foliar spraying of HAs (4.76 L. ha�1, twice,
at 60 and 80 days after transplanting) provided the highest results
for growth-related traits (plant height, number of leaves per plant,
plant fresh weight). foliage and bulb proportion), as well as % total
soluble solids (TSS), bulb weight, and total and marketable yield of
cultivar Giza 20. These responses were attributed to the action of
the HS in stimulating the initial growth of the onions, as well as
in the greater production of dry matter and the synthesis of meta-
bolic products that are translocated to the bulbs. In an opposite
trend, Osvalde et al. (2013) did not find a positive influence of
the foliar spraying of an HS derived from vermicompost (1.5 L.
ha�1, two or three times) on nutrient contents and onion yield in
a field experiment in Latvia. These contrasting results can be
explained by the diversity in the origin, composition, and dosage
of the applied HSs, as well as by the environmental and cultivar
variability studied.

Evaluating the foliar application of HSs in carrots (Daucus carota
L.), Alhariri and Boras (2020) found a significant increase in plant
growth and root yield, with higher plant height, plant, and leaf
and root fresh mass, in addition to a better harvest rate. Positive
effects on this culture were also found by El-Helaly (2018), where
spraying HA (1 g.L-1) and FA (0.5 g.L-1) was tested, with both being
applied four times (at 30, 45, 6,0 and 75 days after sowing) in four
different cultivars. In general, in comparison to FA, HA was more
efficient in increasing root weight and diameter and yield and har-
vest index, while FA was more efficient in increasing % dry matter,
total carbohydrates, total carotenoids, nitrogen, and phosphorus in
the roots, in addition to the total leaf chlorophyll content. Foliar
spraying of FA (10 mg. L-1) on sugar beet (Beta vulgaris L.) increased
root weight, diameter, and length; the root/shoot ratio; and the
biological yields of roots, shoots, and sugar, in addition to the per-
centages of sucrose, TSS, and purity (Kandil et al., 2020). In addition
to these parameters, Abido and Ibrahim (2017), who applied HA
(1.5 mg. L-1, at 50 and 70 days after sowing), among other products,
also showed higher levels of chlorophyll in the leaf, leaf area, and
length, as well as higher relative and culture leaf growth rates.

Of the fruit plant group, tomato (Solanum lycopersicum L.) is one
of the crops with more studies related to HS bioactivity. The
authors Villegas-Espinoza et al. (2018) tested in a field experiment
the foliar application of the product Foliar Liplant�, with 50% HA
and 50% FA, at dilutions of 1/10, 1/20, and 1/30 (v/v), sprayed at
10 and 25 days after transplanting the tomato plants. Increases
were observed in the following parameters: plant height, stem
diameter, number of fruits/plants, polar and equatorial fruit diam-
eter, fruit fresh and dry mass, % TSS, maturity index, vitamin C, net
profit, and cost ratio benefit, with the 1/30 treatment providing the
best results. In addition, Reyes Perez et al. (2011), working with the
same product, same application periods, and equal dilutions, add-
ing 1/40 and 1/50 (v/v), did not observe any significant improve-
ment in the evaluated characteristics: pH, % TSS, acidity, vitamin
C, and malic acid. Oliveira Amatussi et al. (2020), in addition to
the variables mentioned above also observed increases in root
fresh and dry weight, root volume, and total root and fine root
length. These authors performed foliar spraying of Lithothamnium
sp., a micronized calcareous alga containing HAs, at doses of 0,
0.75, 1.5, 2.25, and 3.0 g. L-1, and the promotion of shoot growth
required higher application concentrations compared to that of
the roots. It was found, therefore, that these algae may be another
HS-based material with potential biostimulant effects on plants.

An important issue that needs to be addressed to ensure the
correct foliar fertilization application procedure with biostimu-
lants is the time of substance application, which needs to occur
according to the phenological development stage of the crop. For
example, Alfonso et al. (2010), where the HS-based product
derived from Biostan vermicompost (25 mg. ha�1) was sprayed,
it was observed that under the experimental conditions, there
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were two best application times for tomato: at the beginning of
flowering and at flowering/fruiting, resulting in improvements in
the leaf N, P, and K; fruit nitrate levels; flower and fruit number
per plant; % TSS; and crop yield (t. ha�1). Similarly, AbdAllah
et al. (2018) found that the FA solution (0.15 and 0.20%) applied
three times during the fruiting period was effective in acting pre-
venting transpiration, increasing the water use efficiency in tomato
plants.

Another interesting point regarding the foliar application of HSs
concerns their synergistic effects with plant growth-promoting
bacteria. For example, Olivares et al. (2015) observed a significant
increase in the root dry mass, roots, and leaf areas, in addition to
the levels of PAL, nitrate reductase enzymes, and tomato leaf pro-
tein content after foliar spraying of humate derived from cattle
manure vermicompost added to a Herbaspirillum seropedicae, an
endophytic diazotrophic bacterium, suspension. They also found
that the combined effects of the HS application with the bacteria
at 15 and 30 days after transplanting promoted greater growth of
tomato plants, reflecting better fruit yield, increased the
nitrogen-fixing population both in the rhizosphere region and in
root and leaf tissues. Since in comparison to toher products, HSs
are more recalcitrant to microbial activity, they can also be used
as carriers of these beneficial organisms in agriculture. These
results indicate that this treatment with HSs and plant growth-
promoting microorganisms is a very useful tool for increasing sus-
tainable agriculture (Canellas et al., 2015).

In addition to those on tomato, several studies on other fruits
have focused on effect of HSs applied via foliage. For cucumber
(Cucumis sativus L.), there are reports of increases in the antioxi-
dant activity of the fruits, the lipophilic and hydrophilic fractions,
total carotenoid and xanthophyll levels, lycopene, B-carotene,
and chlorogenic acid (Karakurt et al., 2015), as well as increases
in plant height, dry mass, number of leaves/plants, average fruit
length, diameter and weight, chlorophyll content, % N, % K, % TSS,
and fruit yield (Kazemi 2013). In turn, Abdulbaset and Al-
Madhagi (2019) evaluated the spraying of HA (0, 100, and
300 mg. L-1) and yeast extract (0, 2000, and 4000 mg. L-1), applied
alone or together, on cucumber plants after one month of cultiva-
tion, and they observed an increase in the growth rate but a reduc-
tion in chlorophyll content (SPAD); in addition, the best HA
treatment was 100 mg. L-1. In addition to stimulating growth,
Kamel et al. (2014) found that the foliar application of FA, extracted
from biogas manure, (50, 75, and 150 mg. L-1) was effective at all
concentrations in controlling downy mildew and powdery mildew
in cucumber plants, even more than fungicides. In the cultivation
of eggplant (Solanum melongena L.), Ebrahim Azarpour (2012)
tested the foliar application of HA (0, 25, and 50 mg. L-1) plus min-
eral and organic nitrogen fertilizers applied to the soil. In this
study, in comparison to the other does, the dose of 50 mg. L-1 HA
was the most efficient in improving fruit yield (t. ha�1), number
of fruits per m2, number of branches/plants, plant height (cm),
and the length and width of the fruit (cm). Many studies on the
cultivation of pepper (Capsicum annum L.) have indicated increases
growth (plant height, number of fruits/plants, number of
branches/plants, etc.) and yield (Yasar Karakurt et al., 2009;
Fathima and Denesh 2013, Jan et al., 2020) (Fig. 4).

4.2. Foliar application of HSs to grasses

Grasses (family Poaceae or Gramineae) are one of the largest
families of angiosperms, with more than ten thousand species,
and they are represented by plants commonly called grasses and
bamboos. This group of plants is of great importance to humans,
especially as a source of food as reflected in the current estimate
that approximately 70% of the Earth’s arable land (or 70 million
ha) is intended for cereal cultivation (corn, wheat, oats, rice, etc.).
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In addition, the species of this family also provide soil cover to pro-
tect against erosive processes (Filgueiras 2021). Another relevant
aspect of grass use, in addition to legume species (family Fabaceae)
use, as tropical forage plants in pastures, is its ability to serve as a
food base for ruminants, as perennial plants capable of sprouting
after cutting and/or grazing (Souza et al., 2018).

Rice (Oryza sativa L.) is one of the most important crops in the
world, as it serves as food for more than half of the world’s popu-
lation and is essential for the maintenance of food security. In
recent decades, world rice production has increased significantly,
largely due to improvements in cultivation technologies (Fu
et al., 2021). Thus, there are many studies on rice biofertilization
with HSs. The studies performed by Osman et al. (2013) tested
the foliar application of HA, FA, or both (HA + FA) (5 g. L-1) in addi-
tion to nitrogen fertilization with urea and anhydrous ammonia
applied to the soil at 20 and 35 days after transplanting of Giza
101 rice seedlings. There were increases in tiller number/m2;
weight of 1000 grains; grain and straw yield; N, P, K, nitrate, and
nitrite contents; and profitability, with the best responses obtained
from the combined treatment HA + FA plus anhydrous ammonia. In
turn, Hernández et al. (2018) evaluated the foliar spraying of HA
derived from cattle manure vermicompost (0, 30, 34, and 38 mg.
L-1) applied at 3 mL/plant at 32 days after germination of two rice
cultivars (Jucarito104 and IACuba-33) in the active tillering phase
under water stress and no water stress conditions. The authors
observed positive effects of HA, as evidenced by increases in plant
height, root dry mass, peroxidase enzyme activity (POX), and total
soluble protein levels under both water conditions. The highest
doses (34 and 38 mg. L-1 of HA) provided the best results. The
authors hypothesized that the possible protective effect of HA
against water deficit may develop through an ABA-like action of
HS, which would mimic the action of this hormone.

The protective action of HSs was also observed in maize (Zea
mays L.), where the foliar application of FA (1.5 mg. L-1, 25 mL
sprayed) to plants under water stress improved the growth and
physiological characteristics of these plants. Malondialdehyde
(MDA) is a product of lipid peroxidation (Anjum et al., 2011). Relat-
edly, Khaled and Fawy (2011) applied an HA solution via foliage (0,
0.1, and 0.2%) and sprayed in 5 L of deionized water at 20 and
40 days after corn seedling emergence, as well as application of
HA to the soil (0, 2, and 4 g. kg�1), and both situations increased
salt stress. The two forms of HAs attenuated salt stress, increasing
the dry weight and the macro- and micronutrient contents, espe-
cially from the lowest doses (0.1% foliar and 2 g. kg�1 to the soil)
to the highest doses, and beneficial effects were reduced. The
works of Canellas et al. (2005) studied the influence of HA foliar
application together with H. seropedicae suspension (50 mg. L-1

and 450 L. ha�1) in field experiments and found that spraying
improved grain yield (especially in times of drought) and root
and shoot biomass.

Regarding wheat (Triticum aestivum L.), many studies have also
evaluated the foliar application of HS-based materials. Xudan
(1986) applied FA solutions (0.01 and 0.05%) to this crop and found
greater resistance to drought stress in the treated plants, reducing
transpiration through greater stomatal closure. Such effects were
also reported later by Dziugieł and Wadas (2020) for the potato
crop, and they observed an increase in water, chlorophyll, P uptake,
number of grains, and percentage of fertile ears compared to those
in untreated wheat plants. In another study, HA (0, 0.1, and 0.2%)
was sprayed on wheat leaves at 20 and 35 days after seedling
emergence in 5 L of deionized water and sprayed directly on the
soil (0, 1, and 2 g. kg�1), with both HAs derived from leonardite,
and the soil of the experiment presented limestone conditions,
with the addition of increasing amounts of lime. It was observed
that the HA supply limited the decrease in dry weight and nutrient
absorption caused by the excess lime applied (Katkat et al., 2009).



Fig. 4. Main effects of HS foliar application on vegetables.
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Positive effects of foliar FA solution application were also observed
in this crop, both in terms of a higher bioavailability and concen-
tration of zinc (Zn) in the grains, with the liquid formulation of
FA at 0.1% (m/v)(Wang et al., 2020), and in a reduction in the
absorption and accumulation of chromium (Cr), with higher activ-
ities of antioxidant enzymes, levels of photosynthetic pigments,
and plant biomass, after spraying in the tillering and initialization
stages with a FA solution at 1.5 mg. L-1 (Ali et al., 2015). Delfine
et al. (2005) showed that although foliar application of humic
extract improved some parameters of durum wheat (Triticum
durum L.), such as grain yield, number of grains per ear, foliar pro-
tein content, and others, it was less effective than fractional N
application to the soil.

In Abdulsattar and Fahdawi (2020), the effect of foliar spraying
of an HA-based product (0, 250, 500, and 750 mg. L-1) on barley
(Hordeum vulgare L.) that was applied twice showed effects one
month after planting and at the beginning of anthesis. These
authors also used different spacings between crop rows. It was
found that the application of HA was useful under the conditions
of this experiment, resulting in an increase in the number of
spikes/m2, grains/ear, biological and grain yield and harvest index,
in addition to a reduction in grain weight. Overall, the intermediate
dose of 500 mg. L-1 was the most efficient in combination with a
row spacing of 15 cm. Testing HS foliar fertilization in oat (Avena
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sativa L. cv. Shaffaa) plants under a field experiment, during the til-
lering and 50% flowering stages, Alabdulla (2019) observed that
treatments with HA (0, 3, 6, and 9 g. L-1) increased the number
of panicles/m2, grains/panicles, % N, %P, %K, and crude protein on
a dry matter basis and the grain and forage yields, in addition to
reducing the weight of 1000 grains. There was an influence the
applied times and doses, and the best results were obtained from
spraying at the tillering stage, where the best doses were 6 g. L-1

for grain yield and 9 g. L-1 for nutritional %. In another study, foliar
application of a HS was performed on sorghum (Sorghum bicolor L.),
where the product Humitron (0.125%) was supplied twice, when
the plants reached 30 cm in height and before panicle emergence,
as recommended for this species, under saline conditions. An
improvement in sorghum growth and yield was observed as a
function of HS, with increases in plant height, leaf area, dry weight,
panicle dry weight, harvest index, and osmotic potential (Santoyo
et al., 1998).

In addition to studies on grain crops, there are also reports of
foliar spraying of HSs in grams. For example, Maibodi et al.
(2015) tested the influence of a HA from leonardite (0, 100, 400,
and 1000 mg. L-1), sprayed monthly for 6 months, on perennial rye-
grass (Lolium perenne L.), a winter forage species. The authors
found that the HS increased the N and iron (Fe) contents in the
leaves and the diameter, length, and root surface under low HA
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concentrations, in addition to plant height and better visual quality
under high HA concentrations, without affecting the chlorophyll
content. Similar and different results were obtained by Ervin
et al. (2008) for the species Poa pratensis L. (‘‘Kentucky Bluegrass”),
another perennial winter crop, where HA derived from peat (47 g.
m2) and leonardite (58 g. m2) was applied to leaves 6 (six) times
over 12 (twelve) weeks (once every two weeks), at a rate of 375
L. ha�1, in Blacksburg, Virginia, USA, where there is a temperate
continental climate. In this study, both HA sources improved
strength (kg. m3) and root mass (mg. m3) but did not affect visual
quality, unlike in a previous study with perennial ryegrass or a
study on photochemical efficiency and tiller density. The research-
ers attributed this lack of effects to greater leaf senescence due to
various frost events in the early period of the experiment.

In turn, Cooper et al. (1998) studied the species Agrostis stoloni-
fera L. (‘‘creeping bentgrass”), also a winter perennial that is widely
used on golf courses because it tolerates close cuts to the soil.
These authors found that the foliar application of HA derived from
soil, peat, and leonardite and a commercial soluble product (100,
200, and 400 g. L-1, sprayed 3 times) had very limited effects in
relation to the granular humate that was applied to the soil, with-
out altering the length and root mass or nutritional contents.
According to these researchers, such results were due to the gran-
ular humates coming into direct contact with the roots, thus induc-
ing greater root growth compared to HA applied directly to the
leaves (Fig. 5).

4.2.1. Foliar application of HS to legumes
Leguminous plants (Fabaceae family) are important sources of

protein, phosphorus, and calcium and are therefore fundamental
in the diet of thousands of people, especially those in developing
countries (Desire et al., 2021). Legumes include small plants (al-
Fig. 5. Main effects of HS folia
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falfa, peas, soybeans, and clovers), shrubs (pigweed pigeon pea),
and trees, with leguminous fruits and leaf blades (Fontaneli et al.,
2009). In addition, most legumes are able to establish a mutualistic
association with rhizobia that provide them photoassimilates and
nutrients and receive N in the form of ammonium and amino acids
(Liu et al., 2018); thus, this biological nitrogen fixation (BNF) is an
alternative to using synthetic nitrogen fertilizers, reducing green-
house gas emissions resulting from the process of fertilizer produc-
tion, its transport, and its application in crops in the field
(Sant’Anna et al., 2018). Legumes are widely used as green manure
in crops with greater demand for this nutrient because of their
ability to obtain biologically fixed N (Zotarelli et al., 2012). Due
to the cited benefits of these crops, many studies have been con-
ducted to evaluate their yields, including through the foliar appli-
cation of HSs.

Beans (Phaseolus vulgaris L.) belong to this family and have high
levels of protein, fiber, complex carbohydrates, folic acid, iron, zinc,
magnesium, and potassium (Ribeiro et al., 2011). Elkhatib et al.
(2020) evaluated the performance of common bean cv. Nebraska
in two field experiments in Egypt, after foliar fertilization with
HA (1 and 2 g. L-1), FA (2.5 and 5 g. L-1), and tryptophan, a physio-
logical precursor of indoleacetic acid (0.5 and 1 g. L-1), and these
were all sprayed twice, 24 days after sowing and at the beginning
of flowering. It was found that all biostimulants increased plant
height, foliage fresh and dry mass, number of leaves/plants, leaf
area, % N, %P, %K, leaf chlorophyll content, the number of pods/-
plants, pod/plant, seed/plant weight, and seed yield. Tryptophan
provided the highest results, followed by FA and HA.

Working with the foliar application of FA (0, 3, 6 and 9 g. L-1) in
the fava bean species Vicia faba L. at 45 and 60 days after sowing
(elongation phase), Abdel-Baky et al. (2019) also observed
improvements in the aforementioned culture parameters, with
r application on grasses.
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the highest responses obtained at highest FA dose (9 g. L-1). In Kaya
et al. (2005), the effects of the foliar application of an HS-based
product (at a rate of 2000 mL. ha�1), pretreatment of seeds with
zinc, and a combination of the two treatments on common bean
were tested. Foliar spraying was performed at the third to sixth leaf
stage at night because during the day, the high temperatures
caused the plants to transpire more instead of absorbing nutrients.
The two application approaches alone did not result in significant
effects, but together, they helped increase parameters such as plant
height, number of pods/plant, and number of seeds/plant, in addi-
tion to the weight of seeds/plant, indicating a synergistic effect
between treatments.

Many other leguminous crops of economic interest have already
received foliar application of HS. For example, soybean (Glycine
max L. Merr.) was sprayed with a commercial humic product
derived from leonardite at four stages of its development (vegeta-
tive: V2, V4, and V6; reproductive: R2, full flowering). Experiments
with field tests were performed at three different sites in the state
of Iowa, USA. The height of the plants and the oil content of the
seeds were not altered in any experiment. Stand density, seed pro-
tein content, and crop yield only increased in some evaluated loca-
tions (Lenssen et al., 2019). For the cultivation of peas (Pisum
sativum L.) under increasing conditions of salt stress, Basha et al.
(2020) tested soil fertilization with potassium sulfate with and
without foliar application of HA (0.2%) applied three times (1, 3,
and 5 weeks after transplanting). The authors found improvements
in growth and developmental parameters such as plant height, leaf
area, and number of pods/plants, in addition to a reduction in the
deleterious effects of salinity on chlorophyll a, b, and carotenoid
levels. In relation to peanuts (Arachis hypogaea L.), there are also
studies indicating an increase in yields and their components in
response to foliar spraying of HA-based products, alone or in some
combination of these; an application of the same product to the
soil (with foliar treatment at the rate of 1, 1.5, and 2% at 45 days
after sowing) or based on Teli et al. (2020) together with diammo-
nium phosphate (DAP-2.0%) and a micronutrient mixture (0.35%),
with foliar treatment of 0.3% HA sprayed twice (Reddy et al., 2020).

Meena et al. (2018) investigated the influence of a foliar spray of
15% liquid HA (doses of 1.0, 1.5, 2.5, and 4.0 mL. L-1) at 30, 60 and
90 days after sowing pigeon pea (Cajanus cajan (L) Millsp.), a
legume shrub. Increases were observed in indices such as leaf area,
relative growth rate, net assimilation rate, and total dry matter,
and the results increased with the HS dosage. In another study
with the same species, the foliar application of HA (1 mL. L-1)
occurred once (30 days after sowing) or twice (at 30 and 45 days
after sowing), in addition to other treatments with soil applications
of HA and compost. In general, the best responses were obtained
from soil fertilization; however, in comparison to the control, HA
foliar supplies (especially applied twice) also provided increases
in parameters such as dry biomass, number of pods/plant and seed
yield (Nalia and Sengupta, 2019). In turn, Susithra et al. (2019)
tested HA foliar spraying (0.25%) combined with a recommended
dose of fertilizer plus phosphobacteria applied to the soil (2 kg.
ha�1). The authors also observed significant increases in the afore-
mentioned growth parameters (Fig. 6).
4.2.2. Foliar application of HSs to fruit trees
Fruit production is an important segment of world agricultural

production. The world ranking of the countries that produce the
most fruit has China in first place, followed by India and Brazil.
For example, China contributes 60% of total fresh fruit production,
mainly apples, peaches, pears, bananas and oranges (FAOSTAT,
2013). In Brazil the most of these fruit crops are permanent, while
the main temporal fruit plants in the country are pineapple, melon,
and watermelon (Gerum et al., 2019).
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In the same manner already described for the other plant
groups, fruit plants are also objects of studies that evaluate the
bioactivity of humified materials, including the foliar fertilization
of HS. Cavalcante et al. (2011) directly sprayed HA derived from
leonardite at rates of 0, 7.5, 15, 22.5, and 30 mL. m2 at 15, 25
and 30 days after sowing papaya (Carica papaya L.) in a covered
shelter. The same research group, in a later study, evaluated the
foliar application of the same product to yellow passion fruit (Pas-
siflora edulis Sims.) (Cavalcante et al., 2013). For both crops, there
were increases in plant height, stem diameter, root and shoot dry
mass, and chlorophyll levels in leaves. This same team (Silva-
Matos et al., 2012) tested foliar application of the same product
and at the same dosages in watermelon (Citrullus lanatus L.) with
different fertilization periods (at 10, 15, and 20 days after sowing).
The analyses of the variables were performed 25 days after sowing,
and the observed increases in parameters were the same as those
indicated in the two previous studies, in addition to increases in
root length and volume. Overall, the most responsive dose was
22.5 mL. m2, with a reduction in beneficial effects being observed
with the highest dose.

Ferrara and Brunetti (2010), working with a species of table
grape (Vitis vinifera L. cv. ‘‘Itália”), conducted a foliar application
of HA from compost and soil, at concentrations of 5 and 20 mg.
L-1. They found that both sources of HSs resulted in an increase
in crop yield, berry size, chlorophyll content, N in leaves and peti-
oles, and % TSS and a reduction the in titratable acidity of the fruits
and a delay in the degradation of chlorophyll. In a later article,
these same authors tested the application of a HA extracted from
a sample of clayey soil (100 mg. L-1 dose) on the same cultivar at
four different times, preflowering, full flowering, fruiting, and
‘‘veraison”. They found the same responses as those in the previous
study and concluded that the treatment at the phenological stage
of full flowering showed the greatest differences compared to
those in the control (Ferrara and Brunetti 2010). There are also
reports of spraying vermicompost HA (30, 40, and 50 mg. L-1) on
foliage in the preflowering and fruiting stages of two wine grape
cultivars (Vitis vinifera cv. Feteasca Regala; Vitis vinifera cv. Riesling
Italian) in a two-year field experiment in Romania. Higher yields
(kg. vine-1), photosynthetic rates, chlorophyll a and b and carote-
noid contents, leaf area, dry and fresh mass of leaves, mass and vol-
ume of berries, and % TSS and lower in titratable acidity were
observed. Under the conditions of these experiments, the interme-
diate dose of 40 mg. L-1 was the most responsive (Popescu and
Popescu 2018).

Higher yields (kg. tree-1) were observed after foliar application
(among other products) of an HA solution at similar dosages in
the following crops: mango (Mangifera indica L.) at rates of 0.1,
0.2, and 0.3% sprayed at stage flower bud initiation (Ngullie
et al., 2014) and at 0.15, 0.3 and 0.45% applied three times, twice
before and once during flowering (El-Hoseiny et al., 2020); peach
(P. persica L.) at 0.25 and 0.5%, respectively, after fruiting, repeated
4 times at an interval of 15 days (El-Razek et al., 2012); sugar apple
(Annona squamosa L.), at 1 and 1.5% (Sindha et al., 2018); cashew
apple (Anacardium occidentale L. at 0.5%, repeated three times in
the stages before and after vegetative flushing and during fruiting
(Dhanasekaran et al., 2018); kiwi fruit (A. Chev.) CF Liang and AR
Ferguson.) at 0.1 and 0.2%, sprayed three times, before anthesis,
after fruiting and at the fruit development stage (Mahmoudi
et al., 2014).

The cultivation of pomegranate (Punica granatum L.) with HA
foliar fertilization (2 and 5 mg. L-1), in addition to the products
Kaolin (6%) and 3% calcium-1% boron (CB), all applied alone or
together at 30 days after full flowering, had the beneficial effect
of reducing the percentage of cracked fruits and increasing fruit
weight (Ghanbarpour et al., 2019). For this same culture, Sándor
et al. (2015) observed increases in the stem diameter, plant height,
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plant weight, and number of roots of pomegranate seedlings trea-
ted with foliar FA (10 L. ha�1, 120 days after planting the cuttings
in nurseries), in addition to HA on the soil (100 kg. ha�1, divided in
two). There were also advantages of HS during the cultivation of
guava (Psidium guajava L.), where the spraying of potassium
humate (0, 2, and 4 mg. L-1) four times, once a week, resulted in
increases in the various parameters evaluated (height, stem diam-
eter, number of lateral shoots, and number of leaves/seedlings), in
addition to a reduction in the water content of the leaves, with the
treatment of 4 mg. L-1 being the most responsive (Abdulhameed
Ibrahim and Abdulali Al-Sereh 2019).

Foliar and soil applications of HA were also compared in pista-
chio (Pistacia vera L.) crops (40 L. ha�1 to the soil; 2.5 L. ha�1 to the
leaves 3 months after planting (Razavi Nasab et al., 2019) and apri-
cot (Prunus armeniaca L.) crops (actosol product, 2.9% HA: 0, 9, and
15 cm3 on the leaves; 0, 37.5. and 75 cm 3 in the soil) (Fathy et al.,
2010). Both studies reported increases in growth parameters of the
respective species; however, for pistachios, foliar application was
more effective, while for apricot, the best treatment was that to
the soil. Baldotto et al. (2011), working with pineapple (Ananas
comosus (L.) Merril), sprayed vermicompost HA (0, 10, 20, and
40 mmol. L-1) plus rock phosphate, with or without the addition
of citric acid, to the basal axils of the leaves. Increases in plant
height, plant length and width of the middle third of the ‘‘D” leaf,
diameter of the rosette and base, leaf area and number, and nutri-
ent contents in the shoots were observed (Fig. 7).

4.2.3. Foliar application of HS to oilseeds and medicinal plants
Species that have the ability to accumulate oils in their seeds,

especially triacylglycerols, are known as oilseed crops. This storage
reserve is later used for the development of seedlings. Such plants
are fundamental to the agricultural industry and are useful in food
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processing and preparation and the production of biodiesel and as
raw materials for the synthesis of a variety of products (lubricants,
paints, coatings, etc.). The main crops in this group are soybean (al-
ready seen in the legume section), sunflower, rapeseed, and palm
oil (Zafar et al., 2019). In turn, medicinal plants play an important
role in curing various human diseases because they contain bioac-
tive molecules such as simple alkaloids, anthraquinones, naph-
thopyrone glycosides, phenolic compounds, steroids, and
terpenes. Such bioactive substances can be synthesized by both
plants and a microbial consortium in their tissues, and these
microbes, which reside in plants asymptomatically, are known as
endophytes (Yadav and Meena 2021). This category includes,
among others, the following species: artichoke, rosemary, chamo-
mile, fennel, eucalyptus, and ginger (Argenta et al., 2011).

Thakur et al. (2017) evaluated the foliar spraying of HA (bud
stage) and FA + NPK (floral stage) on sunflower (Helianthus annuus
L.), with both products sprayed at doses of 0.5 and 1.0%. In addition
to the leaf treatment, granular HA (12.5 kg. ha�1) + NPK was also
applied to the soil. There was an increase in the N, P, and K con-
tents in the seeds, stems, and soil after harvest, as well as in the soil
microbial populations. The HA applied to the soil generated the
highest results; however, it was closely followed by the foliar treat-
ments. Shindhe et al. (2020) tested applications of HA (4 ppm) and
other organic products (vermicompost and barnyard manure
extracts, among others) to foliage, comparing them with inorganic
spraying (0.1% boron), with water only, and with the control (no
spraying). The treatments were performed at 40 and 60 days after
sowing. Increases in plant height, number of leaves, leaf area, leaf
dry mass, stem dry mass, head diameter, % of filled achenes, har-
vest index, test weight (g/100 seeds), and seed (g. plant�1) and
total (kg. ha�1) yields. For all these parameters, HA outperformed
the control and application with water. However, the humic treat-
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ment was only superior to boron in terms of the morphological and
growth parameters and was surpassed by most other organic prod-
ucts for all evaluated traits.

Evaluating the influence of HSs on rapeseed (Brassica napus L.),
Lotfi et al. (2015) applied a FA solution (0, 300, and 600 mg. L-1) to
leaves at the vegetative growth and initial flowering stages in well-
watered plots with moderate to severe water stress. The authors
reported that FA generated an increase in the activities of antioxi-
dant enzymes (SOD, POD, APX, and CAT), a reduction in MDA levels
and lipid peroxidation of membranes, and an improvement in the
photosynthetic apparatus, with greater quantum efficiency than
photosystem two (PSII). In turn, Amiri et al. (2020), studying this
same species, tested foliar spraying of the product Humax 95 -
WSG (80% HA and 15% AF) at 0.3% at two stages, the 4–6 leaf stage
and bud formation. Higher seed and oil yields, increased oleic and
linoleic acid contents, and reduced linolenic acid, erucic acid, and
glucosinolate contents were observed. In a flax crop (Linum usi-
tatissimum L.), Bakry et al. (2013) applied HA (0 and 15 mg. L-1)
via the leaves at 45 and 60 days after sowing, in addition to organic
fertilization to the soil. Increases in parameters such as plant
height, root and shoot fresh and dry mass, root length, %TSS,
polysaccharide contents, IAA, total phenols, and biological, seed,
oil, and % yield were observed. Regarding the cultivation of olive
trees (Olea europaea L.), foliar fertilization with HSs provided
increases in foliar nutrient contents (Fernández-Escobar et al.,
1996), chlorophyll, carbohydrates, proteins, fiber, and fat
(Alshamlat et al., 2020).

For medicinal species, there are also many studies of the effi-
ciency of foliar application of HSs. In sesame (Sesamum indicum
L.), increases in growth parameters and seed yield (Vani et al.,
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2017) and leaf N, P, K, and chlorophyll contents and % seed oil were
observed (Deotale et al., 2019). Safaei et al. (2014) tested fertiliza-
tion in the leaves of black cumin (Nigella sativa L.) with the super
humic product (37% HA + FA, doses of 0, 1, 3 and 6 mg. L-1), applied
three times, starting at the stage with 8–10 leaves and continuing
once every two weeks, until after flowering. The authors identified
a higher number of capsules/plants, number of seeds/capsules,
weight of seeds/plant, seed and biological yield, and harvest index.
In general, the highest doses (3 and 6 mg. L-1) generated the best
results. Peppermint (Mentha � piperita L.) received an HS applica-
tion to the soil and shoots, and in the latter case, a dose of 1.5 mg.
L-1 of the product (12% HA and 4% PA), four times at 15-day inter-
vals, was applied starting fifteen days after transplanting. These
two humic fertilization methods were combined with inoculation
of arbuscular mycorrhizal fungi (AMF) and the addition of chemical
fertilizer. The treatments with HSs increased the growth and devel-
opment parameters, in addition to TSSs, soluble phenolics, chloro-
phyll a and b, carotenoids, starch, and total soluble protein levels,
as well as antioxidant power. A reduction in root colonization by
AMF was also observed after the humic treatments. Overall, HS
foliar application was more effective than soil application and,
together with AMF inoculation, was more beneficial than chemical
fertilization (Shahabivand et al., 2018). Increments in traits related
to the growth and yield of flower heads and chamomile oil (Matri-
caria chamomilla L.) were also reported after foliar application of
HA (0, 50, 100, and 150 mg. L-1) at 30 and 60 days after transplant-
ing (Hassan and Fahmy 2020).

Other species of medicinal plants have also benefited from foliar
fertilization with HSs; for example, turmeric (Curcuma longa L.)
received 0.1% potassium humate (31.8% HA) at 90 and 120 days
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after sowing and increased its absorption of sulfur (S) (Baskar and
Sankaran 2004); fennel (Foeniculum vulgare Mill.), which also
received potassium humate (0, 2, 3, 4, and 5 cm/L) 6 and 8 weeks
after planting, increased its vegetative growth parameters and the
chemical composition of its leaves (El-Sawy et al., 2021); stevia
(Stevia rebaudiana Bertoni), received FA leonardite spraying
(500 mg. L-1) once every two weeks after transplanting, where in
addition to the positive effects on growth, a higher % of steviol gly-
cosides (sweetening species) and a reduction in the diversity of the
endophytic bacterial community, with a greater presence of bene-
ficial bacteria and a smaller number of potential pathogens were
observed (Yu et al., 2015); vinegar/rosella (Hibiscus sabdariffa L.)
received a foliar application of potassium humate 80% HA (0, 1, 2
and 3 g. L-1) at 60, 75, and 90 days after sowing (Amin and
Kanimarani 2020) and spraying of the Helpstar product (12% HA)
at 2 cm. L-1 twice at a monthly interval (Ahmed et al., 2011). In
both studies, there were improvements in the parameters of vege-
tative growth (Fig. 8).

4.2.4. Foliar application of HS to ornamental plants
Ornamental plants are recognized for their flowers, shapes, leaf

colors, and other attractive aspects, thus contributing to the beau-
tification of environments (Pereira et al., 2018). Floriculture is the
production of flowers for commercialization purposes, which,
despite being considered by many to be a superfluous activity,
Fig. 8. Main effects of HS foliar applicatio
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serves economic and social functions, as it generates jobs and pro-
vides cultural and ecological functions (Terra and Oliveira 2013).

In one of the oldest studies on foliar fertilization with HS, Sladky
(1959) tested HS application to begonia plants (Begonia semperflo-
rens Link and Otto) with three humic fractions: alcoholic extract,
HA, and FA (all at 100 mg/L). The author of that study found that
FA was the humic component that generated the best results,
increasing plant height, root and shoot dry and fresh mass, oxygen
consumption rate, and leaf chlorophyll content. Cultivating
chrysanthemum (Chrysanthemum indicum L.), Mazhar et al.
(2012) evaluated the foliar application of potassium humate (0,
1, 1.5, and 2.0%) twice under conditions of increasing salt stress.
The humic treatment increased plant tolerance to saline stress,
reduced damage, and increased plant height, stem diameter, num-
ber of branches/plants, root and shoot dry and fresh, number of
flowers/plants, pedicel length, flower dry and fresh mass, and %
of carbohydrates, proteins, N and K. The % proline and sodium
(Na) decreased, and the highest dose of potassium humate (2%)
generated the best responses of all traits evaluated under any
salinity level. Fan et al. (2014) conducted experiments that sprayed
HA derived from plant residue sediments (1:600 (v/v)) in a green-
house on another chrysanthemum species (Chrysanthemum mori-
folium R.), which received treatments at 15, 30, 45, and 60 days
after transplantation. In addition to the increases in morphological
parameters mentioned in the previous study, the authors of this
n on oilseeds and medicinal plants.
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study reported increases in the photosynthetic apparatus of the
plants with HA application, as shown by the increases in the rates
of net photosynthesis, chlorophyll fluorescence, and chloroplast
ultrastructure.

For marigolds (Calendula officinalis L.), HA foliar application
resulted in improvements in morphological traits, increasing leaf
length, number of flowers/plant, and flower width and length
(Ahmad et al., 2019), number of leaves/plant, number of main
and lateral branches/plant, plant propagation (cm), chlorophyll
content in leaves, root and shoot dry and fresh mass, root length,
number of days of inflorescence, number of inflorescences/plant,
stem length, diameter, number of flowers, and inflorescence dry
and fresh mass, and vase life (Hasan 2019). For the African mari-
gold (Tagetes erecta L.), these same effects were observed with
the spraying of HA and zinc sulfate (both at 0.2%, at 30 and 45 days
after planting) combined with the supply of the recommended
dose of NPK through fertigation (Das et al., 2020).

Najarian, Souri and Nabigol (2022) reported that the application
of HA, mainly at a dose of 250 mg L-1, benefited the development of
Pelargonium � hortorum, increasing vegetative growth and flow-
ering characteristics, such as the number of leaves, shoots and
flowering and flowers per plant. Other parameters such as length
and diameters of the flowering bud, and concentration of foliar
mineral elements were also benefited. In turn, Boogar et al.
Fig. 9. Main effects of HS foliar app
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(2014), working with petunia (Petunia hybrida L.) observed that
spraying HA (0, 100, 300, 600, and 900 ppm) during two develop-
ment stages resulted in a higher leaf area index, number of tillers
and flowers, relative water content, and leaf levels of micronutri-
ents (Fe, Zn, Cu, and Mn), in addition to the improvements men-
tioned in the previous species. Jawad and Majeed (2017) found
increases in morphological parameters and vase life of gerbera
(Gerbera jamesonii L.) after foliar application of HA (0, 5, 7.5, and
10 mg. L-1) alone or with calcium chloride at different concentra-
tions. In general, the highest HA dose (10 mg. L-1) together with
the highest amounts of calcium chloride yielded the best results.
In a gladiolus crop (Gladiolus grandiflorus L.), the effects of HA
extracted from leonardite applied to the soil at planting or directly
to the foliage at the 3- and 6-leaf stages added to the soil were
studied.

This triple combination resulted in responses such as a high
number of leaves/plants, leaf area, chlorophyll contents, stem
and ear length and pot life, in addition to reduced shoot emergence
(Fig. 9).

5. Conclusions

Foliar treatment with HSs has the potential to generate positive
responses in the most diverse crops of agricultural, ornamental and
lication on ornamental plants.
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medicinal interest, improving growth and development parame-
ters, as well as physiological characteristics and stress responses.
However, due to the great structural complexity of HSs and the fact
that they are derived from varied sources, their effects differ, even
when applied to the same plant species. This scenario is due to the
origin of the humic material applied, its dose, the phenological
stage at which the spraying occurs, the number of applications,
the characteristics inherent to each plant species, and the experi-
mental and environmental conditions of each location. Thus, there
are studies in which the best results were obtained from the high-
est HS doses, while in other studies, the lower HS doses were more
effective. Another point relates to the differences between soil and
foliar treatments, with evidence that these two forms of fertiliza-
tion use distinct mechanisms that result in the observed beneficial
effects. Although both approaches are able to increase production,
some studies showed that application to the soil is more efficient,
while other studies indicated that foliar spraying was better, in
addition to reports of a complementary action between these
two modalities. Therefore, given this information, HS foliar appli-
cation can be used as an alternative for more sustainable produc-
tion systems of most species with economic relevance. However,
the specificities of each situation considered here provide informa-
tion for assisting in appropriated selecting the best way of spraying
these materials, aiming at a greater cost-benefit ratio for these
activities.
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