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The demand for biostimulants has been growing at an annual rate of 10 and 12.4% in
Europe and Northern America, respectively. The beneficial effects of humic substances
(HS) as biostimulants of plant growth have been well-known since the 1980s, and they
can be supportive to a circular economy if they are extracted from different renewable
resources of organic matter including harvest residues, wastewater, sewage sludge,
and manure. This paper presents an overview of the scientific outputs on application
methods of HS in different conditions. Firstly, the functionality of HS in the primary
and secondary metabolism under stressed and non-stressed cropping conditions is
discussed along with crop protection against pathogens. Secondly, the advantages and
limitations of five different types of HS application under open-fields and greenhouse
conditions are described. Key factors, such as the chemical structure of HS, application
method, optimal rate, and field circumstances, play a crucial role in enhancing plant
growth by HS treatment as a biostimulant. If we can get a better grip on these factors,
HS has the potential to become a part of circular agriculture.

Keywords: humic acid, fulvic acid, foliar application, fertigation, circular economy, sustainable agriculture

INTRODUCTION

The function and application of biostimulants and biopesticides have garnered considerable
interest due to their potential as environmentally sustainable resources for agricultural production.
A number of national and international projects on biostimulant material have been launched in the
framework of the circular economy by extracting the beneficial material from waste materials across
different sectors of agriculture, livestock, water infrastructure, mining, and energy (Xu and Geelen,
2018). Notably, the projects BIO-FERTIL (Poland), BIOFECTOR (Germany), and HUMIC-XL
(Netherlands) have highlighted the potential use of humic substances (HS) from waste material
for plant growth, which can be a component of a local circular economy. To provide scientific
evidences of the potential use of biostimulants, several reviews have been published recently
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(Calvo et al., 2014; du Jardin, 2015; Van Oosten et al., 2017;
Abbott et al., 2018; Bulgari et al., 2019; Juárez-Maldonado et al.,
2019; Pylak et al., 2019). In general, HS, seaweed extracts,
beneficial microorganisms, and chitosan and protein hydrolases
are listed in the mentioned review papers. While the chitosan and
protein hydrolases are becoming popular as a biostimulant in the
last decade (Drobek et al., 2019), utilization of HS, composed of
humic (HA) and fulvic acid (FA), has been recognized as a long-
run product since the 1980s (Calvo et al., 2014). The underlying
function of HS as biological activation for plant growth has been
strongly related to the chemical composition (e.g., functional
groups), hydrophobicity, and flexible conformational structure of
HS (Muscolo et al., 2013; Canellas and Olivares, 2017). Whereas a
large number of scientific publications are related to the impact of
HS in hydroponic assays and under growth chamber conditions
(Nardi et al., 2000, 2018; Russell et al., 2006), reports on its
potentiality in the field and under greenhouse conditions are
less explored, mainly due to the variety of underlying factors in
crop fields, including weather variability and climate fluctuations,
soil type, and field management. For all these reasons, review
reports on the practical application of HS in fields are scarce (Rose
et al., 2014; Canellas et al., 2015b). The main focus of the present
work is to (1) describe the mechanisms of the HS effect on plant
growth, and (2) to illustrate the HS utilization under open-field
and greenhouse conditions.

KEY BENEFITS OF HS ON PLANT
GROWTH

One of the major impacts of HS on plant growth is the
reinforcement in nutrient uptake and the elongation of the
lateral root growth, often recognized as “auxin-like effect,” which
is a result of the induction of ATPase activity in the plasma
membrane (Maggioni et al., 1987; Nardi et al., 1991; Pinton et al.,
1992; Canellas et al., 2002; Quaggiotti et al., 2004; Zandonadi
et al., 2007). The underlying mechanisms are generating a wider
electrochemical gradient by ATPase induction and accelerating
the nutrient uptake rate, which can also be confirmed by the
overexpression of the transporter genes (Jindo et al., 2016; Zanin
et al., 2018; Nunes et al., 2019). The availability of micronutrients
such as iron can be improved with HSs, not only by chelation but
also by promoting the root capability to uptake nutrients from
the soil solution (Aguirre et al., 2009; Zanin et al., 2019).

Understanding the underlying mechanisms of plant response
is a noteworthy keystone for the HS use in the field, and
the first step would be a better understanding of the effect
of HS on carbon and nitrogen cycles, which is related to
primary metabolism (Canellas and Olivares, 2014; Olk et al.,
2018; Canellas et al., 2019). HS also interferes with secondary
metabolism by altering gene expression and changing the content
of chemical compounds in plant cells, such as those related to
the Krebs cycle, metabolism of nitrate and phosphorus, glycolysis,
and photosynthesis (Roomi et al., 2018; Lotfi et al., 2018).

Historically, from the 1980s until the end of the 1990s, studies
on the effect of HS on photosynthesis and ATP production
were the major topics of research. A critical view of these

works can be found in the previous papers of Nardi et al.
(2002, 2009). Trevisan et al. (2011) found a high level of
transcription of genes involved in primary metabolism in
Arabidopsis thaliana and supported previous studies about the
physiological effects of HS on plant metabolic pathways. Nardi
et al. (2007) evaluated the impact of different HS on the enzymatic
activities involved in glycolytic and respiratory processes of maize
seedlings including glucokinase, phosphoglucose isomerase, PPi-
dependent phosphofructokinase, and pyruvate kinase, as well
as the activity of citrate synthase, malate dehydrogenase, and
isocitrate NADP+ -isocitrate dehydrogenase. In the proteomic
analysis conducted by Nunes et al. (2019), differences were
detected in the maize seedling root proteins related to energy
metabolism, cytoskeleton, cellular transport, conformation and
degradation of proteins, and DNA replication. Thirty-four
proteins were significantly more abundant in the seedlings
treated with HA, whereas only nine proteins were abundant
in the control. The main effect of HA was protective, mainly
associated with increased expression of 2-cys peroxidase, putative
VHS/GAT, and glutathione proteins (Nunes et al., 2019).

The transcriptome and proteome are more abundantly
reported than metabolomics studies. The plant metabolome is
the entirety of the small molecules present in the plant and
can be regarded as the ultimate expression of its genotype
in response to environmental changes (Fiehn, 2002). Aguiar
et al. (2018) observed that the application of HA on sugarcane
significantly decreased the concentration of 15 metabolites,
which generally included amino acids. HA increased the
levels of 40 compounds, which are associated with the stress
response (shikimic, caffeic, hydroxycinnamic acids, putrescine,
behenic acid, quinoline xylulose, galactose, lactose proline,
oxyproline, and valeric acid), and this is aligned with up-
regulation of the protein involved in redox homeostasis
(Roomi et al., 2018).

Plant secondary metabolism produces a large number of
specialized compounds that do not directly aid in the growth and
development of plants but are required for the plant to survive
in its environment and under biotic and abiotic stress. Salinity
and drought are the most frequent stresses studied in fields and
under greenhouse conditions (Ali et al., 2020). Several reports
have been published on the impact of HS on the growth of pepper,
common beans, rice, tomato, corn, sorghum, and cucumber
under these stress conditions (Demir et al., 1999; García et al.,
2012; Berbara and García, 2014; Rose et al., 2014; Prado et al.,
2016; Van Oosten et al., 2017; Bulgari et al., 2019; Pinos et al.,
2019; Ali et al., 2020). One of the underlying mechanisms of
the impact of the HS is the interaction with auxin, jasmonic
acid and abscisic acid by phytohormonal regulation in the root,
which are well-known plant hormones for the stress of drought
and salinity (De Hita et al., 2019; Ali et al., 2020). Another
example is the synthesis of flavonoids, which are involved in
the interception of ultraviolet (UV) as an adaptive mechanism
preventing UV in plant physiology (Hollósy, 2002). HA could
induce the activity of the first enzyme in the phenylpropanoid
pathway at the level of gene expression, similarly to other studies
in which phenylpropanoid synthesis has been enhanced by fungal
elicitors and hormones (Schiavon et al., 2010; Lewis et al., 2011).
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The increase in phenolic compounds is another typical
plant response to HA treatment (Ertani et al., 2011). During
the progress of the domestication of cultivated plants over
10,000 years, the bitter and astringent taste from phenolic
compounds, which often produced in the phenylpropanoid
pathway of the secondary metabolism, has been gradually
eliminated, resulting in the reduction of the natural plant
protection against stress (Wink, 1988). The foliar application of
HA improves this ancient mechanism reducing plant infection
(Olivares et al., 2015) as well as enhancing plant protection
(Hernandez et al., 2014).

Finally, HS is involved in the enhancement of plant
protection against infestation. Joshi et al. (2014) present the
list of pathogens and pests controlled through vermicompost
application, highlighting that the main chemical components
of the vermicompost belong to HS. There are four approaches
by which HS can contribute to the plant defense mechanisms
under field and greenhouse conditions: (1) enhancing the soil
microbial activities that play as biological control agents, such
as Trichoderma (McLean et al., 2012; Motta and Santana, 2013;
Mohamadi et al., 2017); (2) direct interaction with plant pathogen
(e.g., Nematodes, Late blight) (Zaller, 2006; Seenivasan and
Senthilnathan, 2018; D’Addabbo et al., 2019; Liu et al., 2019);
(3) physical protection for beneficial microbes, such as UV
protection (Bitton et al., 1972; Muela et al., 2008; Kaiser et al.,
2019); (4) enhancing plant antioxidant defense system against
pathogen by modulating chemical compounds (e.g., phenols)
and enzymes (e.g., phenylalanine ammonia-lyase) (Kesba and
El-Beltagi, 2012; Olivares et al., 2015).

MODE OF APPLICATION IN FIELDS

The functions of HS for the enhancement of plant growth widely
differ depending on the application mode, plant stage, and its
rate, which will be discussed in the subsequent sections. Basically,
there exist five application types of HS in the field (Erro et al.,
2016; Ekin, 2019).

Direct Application in Soil (Liquid Status)
Researches and farmers adopt the direct use of HSs as an aqueous
suspension. The effect of the direct application of liquid status
has been demonstrated on the growth of different crops such
as Lettuce (Lactuva sativa) and Grape rootstocks (Vitis vinifera
L.) (Supplementary Table S1). Comparative advantages of liquid
formulation include the possibility to combine with other inputs
such as chemical fertilizer or beneficial microorganisms and
adaptability to agricultural machinery for the implementation.
Application time, depending on the plant development stage,
must be considered.

Direct Application in Soil (Solid Status)
The solid-state application of HSs has been less explored
for implementation in the field when compared with liquid
formulations. The main agricultural applications of HSs in
the form of powder or granules are soil amendments and
organo-mineral fertilizers that require the highest dose per

plot (Supplementary Table S1). The solid application brings
a problem of uniform distribution of aqueous dispersion after
dissolution on rhizosphere, gradient concentration, and re-
sedimentation of HA on soil solution. Despite the difficulty of
obtaining uniform HS aqueous suspension at the optimal doses,
different rates of solid HS application had shown a direct positive
effect on plant stimulation or soil physicochemical properties
(Supplementary Table S1). Powder HA applied to soil at a rate
of 75 g m−2 increased yield of thyme (Thymus vulgaris L.) and
quality of essential oil (Noroozisharaf and Kaviani, 2018). In
the same study, the highest dose of HA powder (100 g m−2)
improved nutrient content in leaves via positive modulation
of nutrient transport through the chelation and stimulation of
microbial activity by HS interaction. Undoubtedly, solid forms
as powder or granules will be suitable in the future since the
transport operation can be economically prohibitive for liquid
HSs. However, a high volume of HS products is required
for large-scale farming. Future research on the technology of
on-farm solubilization of solid forms as stable final products
will be demanded.

Foliar Application
Since the 1940s and 1950s, scientific research on the beneficial
impact of foliar application has been explored (Tanou et al.,
2017). There exist two theories to explain how exogenous
inputs via foliar application are delivered to plant cell tissue,
once they reached leaf surface: (1) transfer into leaf tissues
via transcuticular penetration (Smilkova et al., 2019); or (2)
penetration through leaf stomata (Tejada et al., 2016). Many
authors report that micronutrient contents are increased by
HS rather than macronutrient in field level (Fernández-Escobar
et al., 1996; Çelik et al., 2011; Fatma et al., 2015; Balmori
et al., 2019). After foliar treatment, nutritional parameters of
polyphenol content and antioxidant activity to determine the
quality of fruit are improved (Tarantino et al., 2018). In practice,
liquid compost extracts, fully enriched with HS, represent a cost-
effective tool to conduct foliar application (Zandonadi et al., 2013;
Berbara and García, 2014). A wide range of plants have been
tested with HS application under open-field conditions, such as
garlic (Balmori et al., 2019), common beans (Kaya et al., 2005;
Souri and Aslani, 2018), wheat (Zhang et al., 2016; Ahmad et al.,
2018; Bezuglova et al., 2019), fenugreek (Ibrahim, 2019), tomato
(Olivares et al., 2017), asparagus (Tejada and Gonzalez, 2003),
maize (Canellas et al., 2015a) and citrus tree (Hameed et al.,
2018). Foliar application is frequently reported in calcareous
soil conditions where nutrient uptake, especially iron, is limited
due to precipitation (Çelik et al., 2011; Souri and Aslani, 2018;
Bezuglova et al., 2019). Foliar spray application is limited to
suitable climate conditions, since high temperature and windy
and rainy days are not recommended. High application rates
provoke leaf burning as water evaporates and salts remain on
the leaves, especially at high temperature (Fageria et al., 2009).
The developing stage has to be considered since foliar application
cannot be conducted after flowering in rice production, which
could cause spikelet discoloration. Crop responses to foliar
application are unlikely positive when there is nutrient deficiency
in the soil (Fageria et al., 2009). Taking all together, the impact
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of foliar-applied HS is less consistent than those observed when
applied on the root, where HS is exposed to a more stable
condition (De Hita et al., 2019).

Fertigation
Fertigation is extensively expanding over the world, especially
in semi-arid and arid regions where water scarcity is an
issue (Fallahi et al., 2017). García-Gaytán et al. (2018) widely
describe the potential of different biostimulant materials used
in fertigation. After the concentration of HS in rhizosphere
increases by the irrigation, two contributions of HS to plant
growth are presumably proposed: (1) straightening out soil
fertility, which makes nutrient more available; (2) directly
reaching out plant cell walls on the root surface so that plant can
take up nutrients (Olaetxea et al., 2018). Regarding agronomic
outcome in practice, Suman et al. (2016, 2017) showed the impact
of the combined application of chemical fertilizer and HA in
fertigation on productivity on capsicum and tomato under open-
field conditions, concluding that HA could replace up to 20%
of fertilizer. Selladurai and Purakayastha (2016) used a similar
combination of liquid fertilizer by using the pedal-operated
sprayer in soil in the open field, and they improved N, P, and K
use efficiencies by 16.4, 9.3, and 18.3%, respectively. Water use
also can be saved by the humic application (Selim and Mosa,
2012; Alenazi et al., 2016). The mode of fertigation has to be
adjusted based on the type of crop. Selim et al. (2009) highlighted
that subsurface drip irrigation method has a highly significant
effect on potato tuber yield rather than surface drip irrigation,
due to maintenance of optimum soil moisture content in the
root zone in an Egyptian sandy soil. However, no effect was
found in banana seedling with the drip irrigation with HS in
tropical soil (de Melo et al., 2016), implying that crop and soil

type have to be taken into account. A multiple-option of HS
application, combining the use of solid HS at pre-sowing moment
prior to fertigation with HS, can be useful to mitigate adverse
environmental conditions (Smoleñ et al., 2017), or the use of
wastewater for fertigation with HS incorporated into soil for
saving water resources (Masciandaro et al., 2014).

Immersion
A limited number of works are reported on the seedling with
the immersion method under field and greenhouse condition
(Bettoni et al., 2016a,b; Gemin et al., 2019). This method is
commonly used in hydroponic and growth chamber conditions
(Supplementary Table S1).

BENEFITS AND LIMITATIONS OF HS
APPLICATION IN THE FIELD

Proper implementation of HS in field conditions is an essential
point for experiment design. Several works report a comparative
study of different applications (Supplementary Table S1). Waqas
et al. (2014) compared three application modes (foliar spray, soil
application, and immersion) for mung bean. They concluded
that no significant differences were observed across different
applications. A similar result was reported by Karakurt et al.
(2009) on pepper comparing between foliar spray and soil
application. In contrast, other reports showed that foliar spray
performed higher yield than soil application in tomato (Yildirim,
2007), maize (Tejada et al., 2016), almond (Saa et al., 2015),
and sugarcane (Da Silva et al., 2017). An ideal implementation
would be combined applications rather than a single application
method, which was demonstrated in Bettoni et al. (2016b) with
higher nutritional quality and yield of onion.

FIGURE 1 | Advantages and limitations of humic substance application under open-fields and greenhouse conditions.
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It is noteworthy that the positive effect of HS application on
plant growth is not always guaranteed. The points of concern
about the HS application are listed in Figure 1. In particular,
the chemical structure of HS, optimum application rate, and the
mode of use play a crucial role in performing a visible outcome
on the ground. At first, finding out an optimal dosage is an
essential process, and this is changeable with application mode
and plant type. Some specific plants such as lettuce (L. sativa)
from Asteraceae family and Arabdopsis thaliana from Brassicacea
family are more sensitive to the change in the concentration
of HS and application mode (Rodda et al., 2006; Dobbss et al.,
2007; Hernandez et al., 2013). Secondary, the type of HS is
a vital point, which is related to the chemical structure and
molecular size of HS. The interaction between the chemical
composition of HSs and bioactivity was studied (Canellas et al.,
2009; Aguiar et al., 2013; Martinez-Balmori et al., 2014) and the
importance of hydrophobic/hydrophilic ratio is a key factor as a
suitable indicator to predict bioactivity based on their chemical
properties. This ratio is prominently high in HA rather than
FA due to the enrichment of the aromatic carbon group. Also,
similar or even better crop responses have been achieved by
HSs derived from compost rather than from leonardite, peat, or
other pedogenic stable organic matter reservoirs (Ayuso et al.,
1996). Another factor is the chemical variation due to different
extraction techniques and nutrient enrichment processes (Hartz
and Bottoms, 2010). In line with this study, Chen et al. (2004)
concluded that soil application of commercial humic products
at typical rates (2 to 3 kg ha−1) is ineffective in promoting
significant agronomical response to different crops under an
open-field condition.

Furthermore, Chen et al. (2004) highlighted that the
recommended dose for commercial HS product is at least 10
times smaller than required to stimulate plant growth under
laboratory and greenhouse assays (75 mg L−1, equivalent to 50 kg
ha−1). Regarding soil types, Pylak et al. (2019) report that HSs are
not particularly effective in reducing the solubility of heavy metals
in acidic soils. Using commercial HA products in combination
with liquid fertilizers, Hartz and Bottoms (2010) mentioned that
a positive crop response was found only in soil with low organic
matter content. Also, suitable application time is a concerned
issue. While the use of HS at the early developing stage usually
enhances the root elongation, sugar content, grain weight, and
fruit size increase at a late vegetative stage (Canellas et al., 2015b).

CONCLUSION

HS application originally from wastes as a biostimulant for plant
growth is a beneficial and eco-friendly approach, and it fits into

the concept of circular economy focusing on the conversion to a
new resource. Plant anatomical and biochemical changes in the
root system by HS are the main factors responsible for increased
nutrient uptake, although the increase in the nutrient availability
through chelation is another HS contribution to plant growth.
The hydrophobicity/hydrophilic ratio is a useful indicator to
understand the chemical structure of HS and to estimate the
effect on plant growth. Although different dose ranges of HS
application in field and laboratory condition are suitable, it is
recommendable to conduct a preliminary test to find an optimum
rate considering crop type, soil properties, and application mode.
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Smoleñ, S., Ledwożyw-Smoleñ, I., and Sady, W. (2017). Iodine biofortification of
spinach by soil fertigation with additional application of humic and fulvic acids.
New Zeal. J. Crop Hortic. Sci. 45, 233–250. doi: 10.1080/01140671.2017.1314307

Soppelsa, S., Kelderer, M., Casera, C., Bassi, M., Robatscher, P., and Matteazzi, A.
(2019). Foliar applications of biostimulants promote growth, yield and fruit
quality of strawberry plants grown under nutrient limitation.Agronomy 9, 1–22.
doi: 10.3390/agronomy9090483

Souri, M. K., and Aslani, M. (2018). Beneficial effects of foliar application of
organic chelate fertilizers on French bean production under field conditions in
a calcareous soil. Adv. Hortic. Sci. 32, 265–272. doi: 10.13128/ahs-21988

Souri, M. K., and Sooraki, F. Y. (2019). Benefits of organic fertilizers spray on
growth quality of chili pepper seedlings under cool temperature. J. Plant Nutr.
42, 650–656. doi: 10.1080/01904167.2019.1568461

Suman, S., Spehia, R. S., and Sharma, V. (2016). Productivity of capsicum as
influenced by fertigation with chemical fertilizers and humic acid. J. Plant Nutr.
39, 410–416. doi: 10.1080/01904167.2015.1069338

Suman, S., Spehia, R. S., and Sharma, V. (2017). Humic acid improved efficiency of
fertigation and productivity of tomato. J. Plant Nutr. 40, 439–446. doi: 10.1080/
01904167.2016.1245325

Tanou, G., Ziogas, V., and Molassiotis, A. (2017). Foliar nutrition, biostimulants
and prime-like dynamics in fruit tree physiology: new insights on an old topic.
Front. Plant Sci. 8:75. doi: 10.3389/fpls.2017.00075

Tapia, Y., Casanova, M., Castillo, B., Acuña, E., Covarrubias, J., and Antilén, M.
(2019). Availability of copper in mine tailings with humic substance addition
and uptake by Atriplex halimus. Environ. Monit. Assess. 191:651. doi: 10.1007/
s10661-019-7832-7832

Tarantino, A., Lops, F., Disciglio, G., and Lopriore, G. (2018). Effects of plant
biostimulants on fruit set, growth, yield and fruit quality attributes of ‘Orange
rubis§’ apricot R© (Prunus armeniaca L.) cultivar in two consecutive years. Sci.
Hortic. 239, 26–34. doi: 10.1016/j.scienta.2018.04.055

Tejada, M., and Gonzalez, J. L. (2003). Influence of foliar fertilization with amino
acids and humic acids on productivity and quality of asparagus. Biol. Agric.
Hortic. 21, 277–291. doi: 10.1080/01448765.2003.9755270

Tejada, M., Rodríguez-Morgado, B., Gómez, I., Franco-Andreu, L., Benítez, C., and
Parrado, J. (2016). Use of biofertilizers obtained from sewage sludges on maize
yield. Eur. J. Agron. 78, 13–19. doi: 10.1016/j.eja.2016.04.014

Toropkina, M. A., Ryumin, A. G., Kechaikina, I. O., and Chukov, S. N. (2017).
Effect of humic acids on the metabolism of Chlorella vulgaris in a model
experiment. Eurasian Soil Sci. 50, 1294–1300. doi: 10.1134/S106422931711
0126

Trevisan, S., Manoli, A., Begheldo, M., Nonis, A., Enna, M., Vaccaro, S., et al.
(2011). Transcriptome analysis reveals coordinated spatiotemporal regulation
of hemoglobin and nitrate reductase in response to nitrate in maize roots. New
Phytol. 192, 338–352. doi: 10.1111/j.1469-8137.2011.03822.x

Van Oosten, M. J., Pepe, O., De Pascale, S., Silletti, S., and Maggio, A. (2017).
The role of biostimulants and bioeffectors as alleviators of abiotic stress in
crop plants. Chem. Biol. Technol. Agric. 4, 1–13. doi: 10.1186/s40538-017-00
89-85

Waqas, M., Ahmad, B., Arif, M., Munsif, F., Latif Khan, A., and Amin, M. (2014).
Evaluation of humic acid application methods for yield and yield components
of Mungbean. Am. J. Plant Sci. 5, 2269–2276. doi: 10.4236/ajps.2014.51
5241

Frontiers in Plant Science | www.frontiersin.org 9 May 2020 | Volume 11 | Article 426

https://doi.org/10.1007/BF00010966
https://doi.org/10.1590/1678-4499.2017030
https://doi.org/10.1080/00103624.2016.1243715
https://doi.org/10.1080/00103624.2016.1243715
https://doi.org/10.1007/s11157-019-09500-9505
https://doi.org/10.1007/s11157-019-09500-9505
https://doi.org/10.1016/j.apsoil.2019.02.024
https://doi.org/10.17660/ActaHortic.2019.1253.50
https://doi.org/10.1093/jxb/erh085
https://doi.org/10.3389/fpls.2018.01812
https://doi.org/10.1002/jpln.201700532
https://doi.org/10.1080/03650340.2019.1608527
https://doi.org/10.1080/03650340.2019.1608527
https://doi.org/10.1016/B978-0-12-800138-7.00002-4
https://doi.org/10.1007/s11104-006-0011-16
https://doi.org/10.3389/fpls.2015.00087
https://doi.org/10.5897/ajmr11.1643
https://doi.org/10.1007/s00344-017-9696-9694
https://doi.org/10.1007/s00344-017-9696-9694
https://doi.org/10.1007/s10886-010-9790-9796
https://doi.org/10.1007/s10886-010-9790-9796
https://doi.org/10.1080/00103624.2019.1667374
https://doi.org/10.1080/09670874.2017.1344743
https://doi.org/10.1002/jpln.201100062
https://doi.org/10.1016/j.agwat.2009.03.018
https://doi.org/10.1080/01904167.2015.1109106
https://doi.org/10.14720/aas.2018.111.2.10
https://doi.org/10.1186/s13007-019-0469-x
https://doi.org/10.1080/01140671.2017.1314307
https://doi.org/10.3390/agronomy9090483
https://doi.org/10.13128/ahs-21988
https://doi.org/10.1080/01904167.2019.1568461
https://doi.org/10.1080/01904167.2015.1069338
https://doi.org/10.1080/01904167.2016.1245325
https://doi.org/10.1080/01904167.2016.1245325
https://doi.org/10.3389/fpls.2017.00075
https://doi.org/10.1007/s10661-019-7832-7832
https://doi.org/10.1007/s10661-019-7832-7832
https://doi.org/10.1016/j.scienta.2018.04.055
https://doi.org/10.1080/01448765.2003.9755270
https://doi.org/10.1016/j.eja.2016.04.014
https://doi.org/10.1134/S1064229317110126
https://doi.org/10.1134/S1064229317110126
https://doi.org/10.1111/j.1469-8137.2011.03822.x
https://doi.org/10.1186/s40538-017-0089-85
https://doi.org/10.1186/s40538-017-0089-85
https://doi.org/10.4236/ajps.2014.515241
https://doi.org/10.4236/ajps.2014.515241
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00426 May 12, 2020 Time: 15:27 # 10

Jindo et al. Humic Substances Application in Fields

Wink, M. (1988). Plant breeding: importance of plant secondary metabolites for
protection against pathogens and herbivores. Theor. Appl. Genet. 75, 225–233.
doi: 10.1007/BF00303957

Xu, D., Deng, Y., Xi, P., Yu, G., Wang, Q., and Zeng, Q. (2019). Fulvic acid-
induced disease resistance to Botrytis cinerea in table grapes may be mediated
by regulating phenylpropanoid metabolism. Food Chem. 286, 226–233. doi:
10.1016/j.foodchem.2019.02.015

Xu, L., and Geelen, D. (2018). Developing biostimulants from agro-food and
industrial by-products. Front. Plant Sci. 871:1567. doi: 10.3389/fpls.2018.01567

Yang, W., Guo, S., Li, P., Song, R., and Yu, J. (2019). Foliar antitranspirant and
soil superabsorbent hydrogel affect photosynthetic gas exchange and water use
efficiency of maize grown under low rainfall conditions. J. Sci. Food Agric. 99,
350–359. doi: 10.1002/jsfa.9195

Yildirim, E. (2007). Foliar and soil fertilization of humic acid affect productivity
and quality of tomato. Acta Agric. Scand. Sect. B Soil Plant Sci. 57, 182–186.
doi: 10.1080/09064710600813107

Zaller, J. G. (2006). Foliar spraying of vermicornpost extracts: effects on fruit quality
and indications of late-blight suppression of field-grown tomatoes. Biol. Agric.
Hortic. 24, 165–180. doi: 10.1080/01448765.2006.9755017

Zandonadi, D. B., Canellas, L. P., and Façanha, A. R. (2007). Indolacetic and humic
acids induce lateral root development through a concerted plasmalemma and
tonoplast H+ pumps activation. Planta 225, 1583–1595. doi: 10.1007/s00425-
006-0454-452

Zandonadi, D. B., Matos, C. R. R., Castro, R. N., Spaccini, R., Olivares, F. L., and
Canellas, L. P. (2019). Alkamides : a new class of plant growth regulators linked
to humic acid bioactivity. Chem. Biol. Technol. Agric. 4, 1–12. doi: 10.1186/
s40538-019-0161-164

Zandonadi, D. B., Santos, M. P., Busato, J. G., Peres, L. E. P., and Façanha,
A. R. (2013). Plant physiology as affected by humified organic matter.

Theor. Exp. Plant Physiol. 25, 13–25. doi: 10.1590/s2197-0025201300010
0003

Zanin, L., Tomasi, N., Cesco, S., Varanini, Z., and Pinton, R. (2019). Humic
substances contribute to plant iron nutrition acting as chelators and
biostimulants. Front. Plant Sci. 10:675. doi: 10.3389/fpls.2019.00675

Zanin, L., Tomasi, N., Zamboni, A., Sega, D., Varanini, Z., and Pinton, R. (2018).
Water-extractable humic substances speed up transcriptional response of maize
roots to nitrate. Environ. Exp. Bot. 147, 167–178. doi: 10.1016/j.envexpbot.2017.
12.014

Zhang, H., Xie, S., Bao, Z., Tian, H., Carranza, E. J. M., and Xiang, W. (2019).
Underlying dynamics and effects of humic acid on selenium and cadmium
uptake in rice seedlings. J. Soils Sediments 20, 109–121. doi: 10.1007/s11368-
019-02413-2414

Zhang, X., Zhang, X., Liu, X., Shao, L., Sun, H., and Chen, S. (2016). Improving
winter wheat performance by foliar spray of ABA and FA under water deficit
conditions. J. Plant Growth Regul. 35, 83–96. doi: 10.1007/s00344-015-9509-
9506

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Jindo, Olivares, Malcher, Sánchez-Monedero, Kempenaar and
Canellas. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 10 May 2020 | Volume 11 | Article 426

https://doi.org/10.1007/BF00303957
https://doi.org/10.1016/j.foodchem.2019.02.015
https://doi.org/10.1016/j.foodchem.2019.02.015
https://doi.org/10.3389/fpls.2018.01567
https://doi.org/10.1002/jsfa.9195
https://doi.org/10.1080/09064710600813107
https://doi.org/10.1080/01448765.2006.9755017
https://doi.org/10.1007/s00425-006-0454-452
https://doi.org/10.1007/s00425-006-0454-452
https://doi.org/10.1186/s40538-019-0161-164
https://doi.org/10.1186/s40538-019-0161-164
https://doi.org/10.1590/s2197-00252013000100003
https://doi.org/10.1590/s2197-00252013000100003
https://doi.org/10.3389/fpls.2019.00675
https://doi.org/10.1016/j.envexpbot.2017.12.014
https://doi.org/10.1016/j.envexpbot.2017.12.014
https://doi.org/10.1007/s11368-019-02413-2414
https://doi.org/10.1007/s11368-019-02413-2414
https://doi.org/10.1007/s00344-015-9509-9506
https://doi.org/10.1007/s00344-015-9509-9506
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	From Lab to Field: Role of Humic Substances Under Open-Field and Greenhouse Conditions as Biostimulant and Biocontrol Agent
	Introduction
	Key Benefits of Hs on Plant Growth
	Mode of Application in Fields
	Direct Application in Soil (Liquid Status)
	Direct Application in Soil (Solid Status)
	Foliar Application
	Fertigation
	Immersion

	Benefits and Limitations of Hs Application in the Field
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


