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1            Introduction 

 Soil organic matter is one of the most frequently discussed soil science topics in the 
scientifi c literature. Humic substances (HS) are the humifi ed organic matter fraction 
in soils and play a key role in various soil and plant functions. HS infl uence the 
adaptation of plants to conditions of environmental stress by increasing the nutrient 
availability. They also have a direct effect on plant metabolic processes related to 
growth and development. 

 The actions of HS, both in soil and plants, are directly related to their structural 
characteristics. Using simple dilution procedures, three HS fractions have been 
identifi ed: (a) humic acids (HA), which are soluble in basic medium and precipitate 
in an acidic medium (pH ~ 2.5), (b) fulvic acids (FA), which are soluble in both 
basic and acidic media; and (c) humins, which are not extractable from soil or sedi-
ment either in a basic or an acidic medium (Schnitzer  1978 ). 

 The effects of HS on higher plants and their development can occur either indi-
rectly (e.g., through increased soil fertility or reduced soil compaction) or directly 
(by increasing total biomass production) (Nardi et al.  2002 ,  2007 ). These authors 
reported that humic fractions that were smaller in size exhibited greater structural 
fl exibility and had a greater effect on the Krebs cycle in maize. Muscolo et al. ( 2007 ) 
suggested that the positive effects of HS in plants were more closely related to the 
structural characteristics of the HS than to their molecular mass. Canellas et al. 
( 2010 ) argued that the molecular size of HS was not the primary factor in the stimu-
lation of root growth in maize; rather, the hydrophobicity index was reported to be 
the predominant factor (Dobbss et al.  2010 ). 

 Although there may be discrepancy about the mechanisms by which HS acts on 
plants, still most authors are in agreement about the positive effects of HS on plants 
and the link between HS and increased metabolic effi ciency. Some recent studies 
have reported that HA stimulated a phenylpropanoid metabolic system in plants and 
induced phenyl (tyrosine) ammonia lyase (PAL/TAL) activity (Schiavon et al. 
 2010 ). There are also reports of HA having direct effects on the generation of radi-
cal oxygen species (ROS) and the activity of catalyst enzymes in maize (Cordeiro 
et al.  2011 ). Likewise, the protective effects of HS or HS-based biostimulants have 
been reported for plants growing under conditions of hydric and saline stress 
(Vasconcelos et al.  2009 ; Aydin et al.  2012 ; García et al.  2012a ). 

 Overall, the studies show that HS cause changes in the physiological mecha-
nisms and adaptive processes of plants under various environmental conditions. 
Understanding the relationships between HS and plant physiological processes 
allows us to explore new techniques for managing humifi ed organic matter in 
ecosystems. In agricultural systems, for example, the application of HS could be 
an ecologically sustainable method for improving the production of crops and 
other food plants. In this chapter, the scientifi c basis for the use of HS in agriculture 
is discussed.  
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2     Characteristics and Effects of HS 

 HS are recognized as the most widely distributed components of organic matter on 
the planet, and they are present both in terrestrial and aquatic environments. They 
are formed through the chemical and biological degradation of plant and animal 
remains and by microbial activity (Schnitzer  1978 ). According to Schnitzer ( 1978 ), 
the formation of HS can be summarized as four hypotheses: (a) the plant transfor-
mation hypothesis, (b) the chemical polymerization hypothesis, (c) the cell autoly-
sis hypothesis, and (d) the microbial synthesis hypothesis. It is not easy to determine 
which hypothesis is most valid, and it is possible that all four occur simultaneously; 
with soil conditions determining which process is dominant. According to Ghabbour 
and Davies ( 2001 ), the fi rst HS hypothesis suggests that HS include an extraordi-
nary amount of complex, amorphous, heterogeneous, and chemically reactive mol-
ecules that are produced during biomass decomposition due to the chemical 
reactions that occur randomly in a large pool of organic molecules. In 2012, 
Nebbioso and Piccolo ( 2012 ) proposed that HS are formed through a process in 
which heterogeneous molecules associate according to shape, size, chemical affi n-
ity, hydrophobicity, and structure. The formation of HS is limited by the strength of 
the interactions that stabilize the associations between molecules within its supra-
molecular structure. 

 Regardless of the specifi c biosynthesis mechanisms involved in the formation of 
HS, researchers agree that HS are formed in terrestrial environments by the decom-
position of plant and animal material deposited in the soil. This decomposition pro-
cess helps in explaining the chemical and structural heterogeneity of humifi ed 
materials. Figure  11.1  shows the structural diversity of a humifi ed solid fraction 
isolated from a vermicompost. Ligninic fragments, fatty acids, and nitrogenous 
compounds derived from plant and animal materials can be observed.

2.1       Structural Characteristics of HS, HS Fractions, 
and Their Effects 

 Although it is possible to isolate three basic HS fractions in soil (HA, FA, and HU), 
HA and FA have been the most frequently studied fractions in scientifi c publica-
tions for examining the functions of HS. The structural characteristics of these frac-
tions vary according to their source material and the time of transformation or 
formation time of organic matter for that material. Canellas et al. ( 2012 ) compared 
humic fractions of vermicomposts with their synthetic derivatives isolated from 
various Brazilian soil types. They used  13 C-MNR analysis to demonstrate how 
structure varies according to the source material of the fraction. The authors reported 
that a higher amount of polar and alkylic structures was present in the vermicom-
post fractions compared with their derivatives and that the content of these struc-
tures was similar to that of the fractions isolated from soils. The humic fractions 

11 Humic Substances and Plant Defense Metabolism



300

isolated from oxisols were more hydrophobic and aromatic than those from other 
soils. Moreover, the humic fractions stimulated the emission of lateral roots and the 
activity of H + -ATPases in corn plants ( Zea mays  L.), regardless of the original 
source of the humic material.  O -alkyl, methoxy/ N -alkyl, and hydrophobicity index 
(HB/HI) structures explained 88 % of the effect on enzyme activity. 

 The structural characteristics of HA from vermicomposts at different stages of 
maturation and the effect of HA on plants were also examined. During vermicom-
posting, HA had a lower amount of carbohydrate structures and the preservation of 
alkylic and Aryl structures were reduced. There were no changes in the molecular 
weight of the HA molecules; however, increases in hydrophobic structures occurred 
with increased maturation time of the vermicompost. HA from 60-day vermicom-
post had effects on the emergence of lateral roots and proton pump induction in the 
plants, in spite of the structural features of HA (Aguiar et al.  2013 ). 

 Studies that characterize humic fractions from different source materials are 
abundant in the literature. The high variability in the structural characteristics of HS 
has made molecular structure a benchmark for assessing the quality of organic mat-
ter and for monitoring changes in HS that occur during the soil management or 
composting. Table  11.1  shows some examples of humic fractions isolated from 
composted sources and soil. The characterization of HS using physicochemical 
techniques helps explain the evolution of organic matter over time and the effects of 
exogenous actions, such as fertilizer application and other management activities.

  Fig. 11.1    TIC of a solid residual fraction from a manure vermicompost (off-line Py-TMAH- 
CG-MS). Carbohydrate derivatives (S), nitrogen compounds (O), lignin derivatives, fatty acid 
methyl esters (FAME), fatty alcohols (FA), hydrocarbons (H), terpene compounds (Tp)       
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2.2        Structure-Function Relations in the Interaction 
of HS with Metallic Elements 

 Another very important property of HS related to structural characteristics is their 
ability to interact with metal ions. Interactions between HS and ions infl uence soil 
characteristics and fertility, thereby impacting plants. HS can form complex com-
pounds with metal ions which have varying stabilities and chemical characteristics. 
Interactions between HS and metals affect soil properties for the reason that some 
nutrient availability processes and chemical forms of metallic elements are gov-
erned by HS. Therefore, important plant development processes such as precipitation- 
dissolution, ion exchange, mobility, transport and accumulation, and the chemical 

   Table 11.1    Studies of humic fractions showing the original source material, structural characterization 
based on different physicochemical techniques, and the main results of the structural analyses   

 HS  Source 
 Characterization 
technique  Main observations  References 

 HA, FA  Soil  Elemental composition  ↑ Aromatic condensation 
with ↑ soil depth 

 Gondar et al. ( 2005 ) 

 UV–vis  ↓  O -alkyl-C with ↑ soil depth 
 FTIR 
  13 C-RMN 

 HA, FA  Soil   1 H-RMN  HA are + aromatic, contain less 
amounts of C-carbohydrate 
and H aliphatic compared 
to FA 

 Tao et al. ( 1999 ) 
  13 C-RMN 

 HA, FA  Soil  Elemental composition  FA with ↓ C levels, ↑ O levels, 
↓ E 4 /E 6 , relation, ↓ degree of 
aromaticity compared to HA 

 Dobbss et al. ( 2009 ) 
 UV–vis 
 FTIR 
 Fluorescence 
  1 H-RMN 

 HS  Soil  DRIFT  Changes in functional groups 
with the use of fertilizers 

 Ferrari et al. ( 2011 ) 

  1 H-RMN  ↑ Aromatic amino acids, lignins, 
and fatty acids/esters in soil 
fertilized with farm manure 

 FA  CPT  FTIR  ↓ Aliphatic alcohol structures, 
↑ aromatic structures 
during decomposition 

 Baddi et al. ( 2004 ) 
  13 C-RMN 

 HA  CPT  Elemental composition  ↓ H, H/C, C/N; ↑ N and S  Amir et al. ( 2010 ) 
 FTIR  ↑ Esterifi ed peptide structures 
  13 C-RMN  ↑ Oxidized aromatic structures 

and nitrogenated alkyl 
 HA  VCT  Elemental composition  ↓ C, H, C/N, C/O, structure 

similar to protein, and 
carbohydrate structures 

 Li et al. ( 2011 ) 

 FTIR  ↑ O, N, C/H, aromaticity, 
and polycondensation  Electronic microscopy 
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and biochemical activity of metals are largely determined by HS (Senesi et al. 
 1986 ). One important structural feature of HS that allows for their interaction with 
metal ions is their high number of oxygenated functional groups (CO 2 H 2 , OH phe-
nols, C=O). The presence of these groups allows HS to establish more stable com-
plex bonds than those present in the soil, making metallic elements more available 
(Schnitzer  1978 ). With heavy metals, for example, HS form complex compounds in 
the following order of stability: Pb 2+  > Cu 2+  > Ni 2+  > Co 2+  > Zn 2+  > Cd 2+  > Fe 2+  > Mn 2+  
> Mg 2+  (Irving and Williams  1953 ). 

 Several studies have reported the interaction of different humic fractions with 
metallic elements. HA have been demonstrated to form complex compounds with 
Al 3+  ions in soils (Gerke  1994 ). FA have a high capacity to form bonds with Cu 2+  
and Ca 2+  (Iglesias et al.  2003 ), and HA and HU are able to form complex com-
pounds with Cu 2+  in the soil (Plaza et al.  2005 ; Alvarez-Puebla et al.  2004 ). Lead is 
one of the most widely studied elements with regard to the formation of complex 
compounds with HS (Filella and Town  2001 ). Some of these studies have led to the 
proposal of new mechanisms to explain the interaction of HS with metal ions, as 
shown in Fig.  11.2 .

  Fig. 11.2    Proposed chemical reactions and compounds for the interaction of HS functional groups 
with the metal ions Pb 2+  and Cu 2+ . ( a ) Piccolo and Stevenson ( 1982 ), ( b ) Schnitzer ( 1978 ), 
( c ) Jerzykiewicz ( 2004 )       
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3         Interactions Between Plant Root Systems and HS 

 The interactions that occur between HS and plant root systems are of great importance 
for understanding the modes of action of HS. Two fundamental issues are important 
for the studies of the HS–root relationship. The fi rst issue is about understanding what 
happens in plant’s environment where HS are present, and the second issue is related 
to the fact that most experiments examining the effects of HS in plants use root appli-
cation methods. HS fractions interact directly with root structures. Studies of HA and 
FA marked with  14 C isotopes have shown that these HS fractions are associated in 
greater quantities with the cell wall within the fi rst few hours of HS–root interaction 
(3 h) and subsequently (18 h) become part of the soluble component of the cells. Of the 
different HS fractions, HA are associated in higher numbers with the cell wall at the 
roots, while more FA are incorporated into the cell (Vaughan and Ord  1981 ). Observing 
HS–root interactions allow us to understand how these substances are assimilated and 
how they affect plant processes at the leaf level. Experiments with wheat plants have 
shown that of the total  14 C associated with HS that is assimilated by plants through 
roots; only 5 % is transported to leaf tissues (Vaugham and Linehan  1976 ). 

 Additionally, with regard to HS–root interactions, there are reports in the literature 
of physical interactions (specifi cally with HA) that change the functionality of cell 
membranes. HA supramolecular colloidal clusters in solution can migrate to the sur-
face of the roots and cause the clogging of pores and root transpiration sites. These 
HA–root interactions and the formation of layers of agglomerates may be governed by 
electrostatic and van der Waal interactions. This phenomenon causes reductions in 
hydraulic conductivity, leaf organ growth, transpiration, and resistance to hydric stress 
and the mechanism of action is known as colloidal stress (Asli and Neumann  2010 ). 

 Evidence of the agglomeration phenomenon of HA in roots was recently cap-
tured by light microscopy, as shown in Fig.  11.3 . HA–root interactions have also 
been demonstrated using  13 C-NMR spectroscopy, which showed that HA that 
formed agglomerates on root surfaces had lower structural complexity than exoge-
nously applied HA. At the same time, it was determined that these HA interaction 
and agglomeration events are detected by ROS generation mechanism in the leaf 

  Fig. 11.3    Agglomeration effects of HA isolated from cattle manure vermicompost on the roots of 
rice plants grown in nutrient solution (×100 magnifi cation). Layers of HA agglomerates on the root 
surface and emerging root hairs can be observed       
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and root tissues, triggering the activity of antioxidative metabolic enzymes. For the 
fi rst time, it was observed that this type of interaction could be related to the modes 
of action of HS in plants and that growth and development could be controlled 
through the regulation of REDOX homeostasis and other metabolic processes that 
are stimulated by HS (García et al.  2012b ).

3.1       ROS and the Process of Root Growth and Development 

 In recent years, the involvement of ROS in metabolic processes associated with plant 
growth and development has been reported (Foreman et al.  2003 ; Marino et al.  2012 ). 
In contrast to what was previously thought, ROS can regulate root growth processes 
through independent pathways to phytohormones such as auxins. Studies conducted 
on  Arabidopsis  roots identifi ed the transcription factor UPBEAT1 (UPB1), which 
regulates the balance between cell proliferation and differentiation. It was found that 
UBP1 directly regulates a series of peroxidases (POX) that modulate the quantity of 
ROS in regions of cell proliferation and elongation as soon as differentiation pro-
cesses begin. UPB1 disruption results in a change in ROS balance and a delay in the 
root differentiation process (Tsukagoshi et al.  2010 ). ROS production in plant roots 
has also been observed when HA is applied to the roots, as demonstrated in Fig.  11.4 .

   Additionally, it is now understood that signaling enzymes such as NADHP oxi-
dases and phospholipases D are of great importance in the formation of root hairs 
because ROS produced by NADHP oxidases activate Ca 2+  channels in the apical 
plasma membrane, stimulating Ca 2+  infl uxes which are linked to lateral root growth 
(Šamaj et al.  2004 ). Knowledge about the involvement of ROS in membrane perme-
ability and polarization processes opens new avenues for understanding the mecha-
nisms of plant adaptation in high-stress environments. Plant signaling mechanisms 
in which ROS target the activation of Ca 2+  channels in cell membranes have been 
reported (Kurusu et al.  2013 ). This is one of the most important ROS-mediated steps 
in the regulation of plant stress, hormonal signaling, polar growth, and development 

  Fig. 11.4    Location of O 2  •−  ions determined by histochemical techniques following the application 
of HA to a rice plant root growing in a nutrient solution       
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(Mori and Schroeder  2004 ). In ROS signaling processes, low OH concentrations 
induce Ca 2+  pumping, while high OH concentrations induce Ca 2+  incorporation 
through passive mechanisms (Zepeda-Jazo et al.  2011 ). With regard to apical meri-
stem development, the maintenance and establishment of OH concentrations depend 
on the mechanisms that maintain ROS homeostasis. Oxidizing environments induce 
the reduction of cell proliferation, while less oxidizing (reducing) environments 
induce mitosis and cell differentiation (De Tullio et al.  2010 ) (Fig.  11.5 ).

4         Antioxidative Response to HS in Plants 

4.1     Functions, Characteristics, and Pathways 
of ROS Action in Plants 

 ROS ( 1 O 2 , O 2  •− , OH, and H 2 O 2 ) were initially recognized in plants as toxic chemical 
species produced through aerobic metabolism (Mittler et al.  2011 ). However, in 
addition to being the by-products of antistress metabolism, they also have roles in 
signal transduction (Miller et al.  2010 ). Current studies show that ROS signaling 
functions are involved in most existing plant metabolic processes. ROS plays an 
important role in cellular transduction mechanisms that control metabolic processes 
such as growth regulation and development, biotic and abiotic stress responses, and 
cell death (Suzuki et al.  2012 ). Under conditions of homeostasis and stress, ROS are 
found at different concentrations in plant tissues. During normal growth processes, 
ROS content in plant cells is low (approximately 240 μM s −1  of O 2  •−  and 0.5 μM of 
H 2 O 2 ). In contrast, in plants under stress, O 2  •−  content increases to 240–270 μM s −1  
and H 2 O 2  content increases to 5–15 μM (Polle  2001 ). The O 2  •−  anion is produced in 

  Fig. 11.5    Diagram showing a possible pathway for MPK3 induced by the action of extracellular 
ATP and ROS. Modifi ed from Demidchik et al. ( 2009 )       
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the thylakoids and is the product of aerobic respiration, with approximately 1–2 % 
of O 2  consumed by plants being transformed into O 2  •− . O 2  •−  is one of the fi rst ROS 
formed in plants, with a mean half-life of approximately 4.2 μs. H 2 O 2  is formed by 
the reduction and dismutation of O 2  •− . H 2 O 2  has increasingly been recognized as the 
most important ROS signaling messenger due to its ability to cross cell membranes 
and its mean half-life (~1 ms) (Gill and Tuteja  2010 ; Mittler  2002 ). 

 Using ROS for signaling is advantageous for plants because plant cells have a 
high capacity for producing ROS and controlling internal ROS levels. A complex 
enzyme system, which is present in most cellular compartments, is used for this 
purpose. Recent studies have shown that  Rbohs , a group of membrane proteins 
encoded by a family of ten genes in  Arabidopsis  ( AtRboh ), play a key role in ROS 
action and production mechanisms (Suzuki et al.  2012 ; Mittler  2002 ; Mittler et al. 
 2004 ). These fi ndings are of great importance because  Rbohs  have numerous func-
tions in plants and are known to regulate signaling mechanisms in response to abi-
otic stress (Kwak et al.  2003 ; Miller et al.  2009 ). Moreover, the role of  Rbohs  in 
 Rboh - ROS  regulation mechanisms, cell elongation processes, and root hair growth 
has been confi rmed by Takeda et al. ( 2008 ).  

4.2     ROS Generation in Response to HS 

 As previously discussed, the production of ROS in response to certain stimuli is 
clearly an effi cient mechanism for regulating many metabolic pathways in plants. 
While there is currently a limited number of studies on plant ROS generation in 
response to HS, interest in HS–ROS relationship has persisted for several decades. 
Soil HS fractions (HA, FA, and water-soluble fractions) have been shown to stimu-
late the production of O 2  •−  anions in vitro. A study of the xanthine/xanthine-oxidase 
system showed that the level of O 2  •−  production depended on the humic fraction. FA 
and water-soluble fractions were the least effective in stimulating xanthine/xanthine- 
oxidase and the production of O 2  •− . HA were the most effective fraction in stimulat-
ing the production of O 2  •−  (Vaughan and Ord  1982 ). The knowledge that HS 
stimulate O 2  •−  production through regulation of the xanthine/xanthine-oxidase sys-
tem is important, given the key role that this system plays in defense mechanisms 
against biotic stressors (Berner and Van der Westhuizen  2010 ) and abiotic stress 
from heavy metals (Corpas et al.  2008 ). 

 The production of ROS following the application of HA was also observed in 
maize ( Zea mays  L.). HA isolated from soil were applied to the roots of maize plants 
grown with high and low N-NO 3  −  concentrations. Using fl uorescence techniques, the 
presence of ROS was detected in the roots of plants grown under three different 
growth conditions (low N-NO 3  − , high N-NO 3  − , and no N-NO 3  − ). Under these condi-
tions, the production of ROS following the application of HA did not impede the 
stimulation of lateral root growth and increased root biomass, suggesting that ROS 
production resulting from HA can act as an intermediary agent in the action pro-
cesses of HS in plants (Cordeiro et al.  2011 ). The implications of these results led us 
to reconsider our understanding of the action mechanisms of HS in plants. During the 
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growth of maize coleoptiles, ROS are released in the cell walls (specifi cally, OH is 
formed from O 2  •−  on the cell wall), suggesting that ROS may increase the extensibil-
ity of the wall and replace auxins as growth inducers (Schopfer et al.  2002 ). 

 ROS production following the application of HA was also observed in rice plants 
( Oryza sativa  L.) treated with HA from manure vermicompost. Root applications of 
HA at concentrations of 20, 40, and 80 mg L −1  regulated ROS (O 2  •−  and H 2 O 2 ) pro-
duction in the leaves and roots at 8 and 24 h of contact. The levels of O 2  •−  and H 2 O 2  
in both the leaves and roots were dependent on the concentration of HA. Although 
root application of HS induced ROS production in these studies, lipid peroxidation 
was low or nonexistent in some of the treatments, suggesting that the membrane 
peroxidation phenomenon was not the only result of HA-induced ROS. Another 
important result was found in the same study. Tonoplast aquaporin genes ( OsTIPs ) 
of the leaves and roots were also regulated by the application of HA, suggesting that 
ROS and  OsTIPs  are involved in the action mechanisms of HS inside the plant cells 
(García et al.  2012b ). Therefore, it is possible that the production of ROS in plants 
due to the application of HS involves the regulation of TIPs in the cell and that there 
is a relationship with nitrogen metabolism. Figure  11.6  shows that for  OsTIP2 . 1  
isoform, more diluted or concentrated solutions of HS exerted a repressing effect on 
the expression of these genes in both the leaves and roots.

   Although the role of TIPs in HS action in plants is not yet completely under-
stood, it is known that the  TIP2 . 1  isoforms are related to N-NH 4  +  transport. For 
example, some studies report that  AtTIP2 . 1  isoforms are induced in plants under 
long periods of nitrogen defi ciency and short periods of N-NH 4  +  supplementation 
(Lopez et al.  2003 ). The role of TIPs in ammonium transport has also been noted 
(Loque et al.  2005 ). The effects of HS on the regulation of aquaporins, especially 
tonoplast, are of great importance because aquaporins play various roles in metabo-
lite transport at the cellular level and are regulated in response to conditions of abi-
otic stress, such as hydric stress and high salinity (Li et al.  2008    ). 

  Fig. 11.6     OsTIP2 . 1  gene 
expression in the leaves and 
roots of rice plants after 8 h 
of root application of HA 
under hydroponic growing 
conditions       
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 The results of studies of HS action in plants have shown that ROS production, 
particularly the production of H 2 O 2 , is dependent on the concentration of HS. The 
specifi c nature of HS–root interactions seems to be the key for triggering the physi-
ological events in plants. It has been observed that in rice plants treated with moder-
ate HS concentrations, ROS production does not cause lipid peroxidation, thereby 
favoring the processes of growth and lateral root formation. However, when plants 
are treated with elevated concentrations of HS, a high rate of ROS production can 
lead to lipid peroxidation and negatively affect the growth and root development, as 
shown in Fig.  11.7 .

4.3        Relationship of ROS with Other Metabolic Pathways 
That Respond to HS 

 Understanding HS-induced ROS production in plants requires knowledge of the 
most current concepts related to oxidative mechanisms in plants. Given the evi-
dence that ROS production occurs after the application of HS to plant roots, the 
mechanisms underlying the physiological responses to HS must also be explained. 
At the biochemical level, one of the most widely studied modes of action of HS in 

  Fig. 11.7    Schematic representation of HS action in ROS production metabolism at different HS 
concentrations according to the results of past studies. HS–root interaction is shown on the  left ; 
production and signaling in the plant and the impacts on root growth are shown on the  right        

 

R.L.L. Berbara and A.C. García



309

plants is similar to that of auxins. Currently, a large number of researchers have 
recognized that HS enter the plants through root system, where they mimic auxins 
and are recognized by hormonal receptors in cells. Other studies have reported the 
fragments of HS with structures similar to auxins that enter plants and exert auxin- 
like effects (Nardi et al.  2002 ). Root growth and an increased number of secondary 
roots are the most visible morphological effects of these auxin-like effects of HS. 
Therefore, what is the role of ROS in the biochemical-physiological mechanisms of 
HS action in plants? 

 Although auxins play the most crucial role in the regulation of growth and root 
development, redox regulation also plays a relevant role. The formation and preser-
vation of the root apical meristem require ROS homeostasis in plant tissues. Redox 
regulation controls biochemical processes along the root and regulates the activity 
of auxins that infl uence root growth (De Tullio et al.  2010 ). Transcriptome studies 
of  Arabidopsis  plants have shown that auxin signaling and homeostasis are modi-
fi ed by ROS. In the apoplast, ROS may regulate the transcripts of auxin receptors 
and auxin/indole-3-acetic acid (Aux/IAA) transcriptional repressors through mech-
anisms that remain unknown (Blomster et al.  2011 ). 

 Other biochemical effects that are reported to have occurred as the result of HS 
action in plants are related to stimuli at the membrane level, with several studies 
reporting the stimulation of H + -ATPase activity (Canellas et al.  2010 ; Mora et al. 
 2010 ). However, ROS have been shown to function as signaling molecules, acting 
through mechanisms that involve membrane hyperpolarization, activation of Ca 2+  
channels, and intracellular signaling to increase the growth of secondary roots. O 2  •−  
anions produced outside cells can be transformed to H 2 O 2  and OH radicals. H 2 O 2 , 
for example, is capable of crossing the membrane and accumulating intracellularly. 
Through mechanisms that are not yet understood, H 2 O 2  can stimulate Ca 2+  channels 
intra- or extracellularly. The stimulus required to open the Ca 2+  channels can 
increase cytosolic Ca 2+ , stimulating NADPH oxidases and inducing MPK3 
(Demidchik et al.  2009 ). This type of response also occurs in different regions of the 
root. In the region of elongation and mature root epidermis, high concentrations of 
H 2 O 2  in the apoplast and the cytosol, respectively, can activate Ca 2+  channels through 
membrane hyperpolarization (Demidchik et al.  2007 ), as demonstrated in Fig.  11.8 .

  Fig. 11.8    Effects of ROS on Ca 2+  channels in plasma membrane in the region of elongation and 
mature epidermis roots of  Arabidopsis  plants. Modifi ed from Demidchik et al. ( 2007 )       
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5         Other HS-Induced Responses in Plant Metabolism 

 The greatest impacts of HS action in plants are due to the ability of HS to stimulate 
various metabolic pathways. Photosynthesis is the fundamental metabolic process 
underlying the production of all O 2  and organic matter on the planet; therefore, stud-
ies on the infl uence of HS in the regulation of photosynthesis are of great impor-
tance. To study the effects of HS on photosynthesis, three humic fractions (HA, FA, 
and HU) were isolated from soil samples and tested in  Pachira macrocarpa  plants. 
The three HS fractions stimulated the activity of chlorophyllases (a) and (b). FA 
showed greater stimulation of chlorophyllase (a) activity, while HA showed greater 
stimulation of chlorophyllase (b) activity (Yang et al.  2004 ). The effects of HS on 
photosynthetic processes were also shown in a study of the application of HA to 
lettuce ( Lactuca sativa  L.) plants. HA isolated from forest soils were applied to the 
roots in nutrient solution at concentrations of 100 and 1,000 mg L −1  and were found 
to stimulate the photosynthetic activity and augment the chlorophyll content and 
conductance of mesophyll cells (Haghighi et al.  2012 ). 

 Given the effects of HS on photosynthesis, we expected that carbon (C) metabo-
lism would also be affected as a consequence of changes in photosynthetic activity 
and pigment content. Four HA fractions from soils were shown to stimulate the 
activity of enzymes related to C metabolism in maize plants ( Zea mays  L.). The four 
HU fractions stimulated the activity of enzymes belonging to the metabolism of 
glycolytic pathway (glucokinase (GK), phosphoglucoisomerase (PGI), PPi- 
dependent phosphofructokinase (PFK), pyruvate kinase (PK)) and Krebs cycle 
[citrate synthase (CS), malate dehydrogenase (MDH), and isocitrate and NADP + -
isocitrate dehydrogenase (NADP + -IDH)] (Nardi et al.  2007 ). However, in some 
studies, HS have been shown to modify the activity of enzymes in C and N metabo-
lism, depending on the source material of HS. In studies evaluating the effect of 
humic acids from forest soils and pasture on the activity of enzymes from C and N 
metabolism in  Pinus nigra  callus, forest-derived HA were found to inhibit PGI 
activity and inhibit phosphoenolpyruvate carboxykinase (PEPC), glutamate dehy-
drogenase (GDH), MDH, and glutamine synthetase (GS) activity. On the contrary, 
HA from pasture soils stimulated these enzymes (Muscolo et al.  2007 ). 

 Furthermore, any actions on primary metabolism in plants can have repercus-
sions for secondary metabolism. The primary metabolites are precursors that induce 
the activity of secondary metabolism enzymes. The metabolic pathway of phenyl-
propanoid compost synthesis is one of the most specialized linkages between meta-
bolic functions in plants. Phenylalanine ammonia lyase (PAL) and tyrosine ammonia 
lyase (TAL), the two enzymes that initiate phenylpropanoid biosynthesis, use phe-
nylalanine and tyrosine, respectively, which are substrates derived from primary 
metabolism (Ferrer et al.  2008 ). HA from vermicompost have also been shown to 
exert effects on the synthetic pathway of phenylpropanoids through the regulation 
of PAL/TAL enzymes. In maize plants, humic acid concentrations of 0.5, 1.0, and 
2 mg (C) L −1  stimulated the expression of genes encoded for PAL and the enzymatic 
activity of PAL and TAL. After 48 h of treatment, the levels of phenols and 
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fl avonoids in the plants increased in response to the stimulus exerted on the meta-
bolic pathway (Schiavon et al.  2010 ).  

6     Studies of the Effect of HS Using Large-Scale Gene 
Expression Techniques 

 Some studies have used large-scale genetic analysis techniques (LGAT) to show the 
complex effects which HS may exert on the function and adaptive mechanisms of 
plants. The LGATs that have been used to study the effects of HS in plants include 
cDNA-AFLP and microarray analysis. Trevisan et al. ( 2011 ) applied the cDNA- 
AFLP technique in the study of  Arabidopsis  plants treated with HS. A combination 
of 160 primers was used and a total of 133 genes were found to be involved in the 
effects exerted on the plants by HS. The cDNA-AFLP technique demonstrated that, 
of the numerous genes involved in the HS–plant interaction, many were related to 
metabolic and developmental processes, as well as RNA or transcription processes. 
The authors showed that of all upregulated transcripts following the application of 
HS, 34 % belonged to metabolic processes and 9 % to stress stimuli processes. The 
authors noted that using of cDNA-AFLP technique allowed them to confi rm that HS 
affect plants through the complex action mechanisms which involve both auxin-like 
action and other signaling mechanisms independent of auxins. 

 In addition, the effects of the application of HA to  Brassica napus  plants have also 
been studied using microarray techniques. Some results about the function of the 
group of differentially expressed genes were similar to those reported in the study 
that used cDNA-AFLP technique. The results of the microarray analysis study 
showed that four fundamental metabolic pathways (fatty acids, phytohormones, 
senescence, and ion development and transport) were represented by a low number of 
differentially expressed genes. However, other metabolic pathways were more spe-
cifi cally affected by the action of humic acids both in the leaves and roots. Of the total 
number of differentially expressed genes, 10.6 % belonged to general cellular metab-
olism processes, 6.6 % to nitrogen and sulfur metabolism processes, 6.1 % to carbon 
and photosynthesis metabolism, and 6.1 % to stress response (Jannin et al.  2012 ). 

 LGATs are robust and highly accurate techniques. The studies described above 
used two different LGAT techniques, HS from different sources, and different plant 
species. Nevertheless, both studies found that HS effects were exerted not only 
through known traditional pathways, such as auxin type pathways, but also through 
other auxin-independent pathways. Genes that are involved in the functioning of 
other important pathways in plants, such as nitrogen uptake and photosynthesis, are 
expressed in the response of plants to HS application. However, both techniques 
revealed that a large number of genes or transcripts that respond to HS are related 
to stress response. These results corroborate the fi ndings of recent reports demon-
strating the generation of ROS in plants treated with HS (García et al.  2012b ; 
Cordeiro et al.  2011 ).  

11 Humic Substances and Plant Defense Metabolism



312

7     Evidence of Protective Effects of HS in Plants Growing 
Under High-Stress Conditions 

 The diverse effects of HS in plants suggest that two distinct metabolic events control 
their modes of action. The regulation of REDOX homeostasis, which is related to 
cell signaling and hormonal control, is one of the most apparent results of the appli-
cation of HS to plants. However, the mechanisms explaining the link between ROS 
and auxins in regulating antistress responses are still not well understood (Tognetti 
et al.  2012 ). Compounds such as nitric oxide (NO) have been shown to play an inter-
mediary role in the action of HS in plants. Zandonadi et al. ( 2010 ) reported that 
humic acids from vermicompost stimulated NO biosynthesis in maize plants. The 
authors showed that humic acids stimulated NO production at lateral root emergence 
sites. The stimulation of NO biosynthesis by HS suggests that this mode of action is 
involved in homeostatic regulation. NO has antioxidant properties and acts as a sig-
naling molecule in the synthesis of enzymes related to ROS catalysis. NO has been 
shown to play an important role in plant resistance to abiotic stress (e.g., hydric 
stress, high salinity, or high concentrations of heavy metals) (Siddiqui et al.  2011 ). 

 NO has also been shown to be an important intermediary in the action pathways 
of abscisic acid (ABA) in stomata regulation (Huang et al.  2013 ). Similarly, two HS 
fractions of different molecular weights have also been shown to regulate stomata 
opening. Besides, HS have been shown to exert effects on the opening of stomata in 
 Pisum sativum  L. plants through an auxin-like action and phospholipase A 2  stimula-
tion (Russell et al.  2006 ). 

7.1     Evidence of Antistress Protective Effects of HS 

 In addition of examining the role of HS in regulating the primary and secondary 
metabolism in plants, some studies have discussed the possibility of using these 
substances to mitigate the effects of abiotic stresses such as saline soils, hydric 
stress, and concentrations of heavy metals. In one study, bean plants ( Phaseolus 
vulgaris  L.) were grown in soils artifi cially salinized with salts from various sources, 
with the doses of 0.05 and 0.1 % w:w. Without the application of HA, high doses of 
salt caused the death of plants, while plants grown under the same saline conditions 
in the presence of HA survived. The application of HA improved the plant’s growth 
and development and the assimilation of mineral elements such as phosphorus 
nitrogen (Aydin et al.  2012 ). Leaf applications of HS in tomato plants ( Lycopersicon 
esculentum  L.) were also tested under natural levels of soil salinity. Plants that 
received leaf applications of HS at two different physiological stages (10 and 15 
days after transplanting) showed improved conditions and internal fruit qualities, 
compared to plants grown in saline soils without HS application. The internal pH of 
the fruit, BRIX degrees, malic acid, vitamin C, and total soluble salts were all higher 
than in the plants not treated with HS (Pérez et al.  2011 ). 
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 These results indicate that HS stimulate the enzymatic activity of peroxidases 
(POX), thereby decreasing the amount of H 2 O 2  in the leaf and root tissues. These 
studies demonstrated the inhibition of stress-induced lipid peroxidation in plants 
treated with humic acids and a preservation of cell membrane permeability was 
observed (García et al.  2012a ). The same HA were also applied to the leaves of rice 
plants grown in soil under drought conditions. An increase in POX enzymatic activ-
ity was observed in response to the application of HA. Plant stress tolerance 
increased, as shown by improvement in growth and development of the plants, even 
under drought conditions (Hernández et al.  2012 ). 

 The plants to which HA was applied under conditions of hydric stress, permea-
bility of the cell membrane was similar to that of plants grown in normal conditions. 
Proline content in mature root tissues increased when HA was applied; however, in 
plants grown under conditions of hydric stress and treated with HA, proline levels 
were similar to the levels found in plants under normal growth conditions. Moreover, 
ABA production in mature root tissues was not stimulated by the application of HA, 
and under conditions of stress, ABA content was similar to that found in plants 
grown in normal conditions. These results clearly suggest that HA has protective 
effects in plants experiencing hydric stress. While further studies are needed to 
determine the mechanisms behind these effects, the protective effects appear to be 
exerted through ABA-independent pathways, as shown in Fig.  11.9 .

8         Potential Use of HS in Agricultural Systems 

 Based on the results discussed so far on the impact of application of HS to plants 
under stress, application of HS is becoming a routine in agriculture and research on 
the effects of HS should be targeted at developing new technologies for sustainable 
agriculture. Leaf application of HS-based extracts from compost is a method that 
has been tested in recent years. Using vermicomposts as raw material to obtain 
HS in an aqueous medium is an ecological and low-cost method which is 

  Fig. 11.9    Behavior patterns in rice plants treated with HA under normal growing conditions and 
conditions of hydric stress (due to loss of water). Level of ABA, a key hormone in stress metabo-
lism signaling. Proline, which is an antioxidant amino acid that responds to stress events and root 
membrane permeability, was measured by using the conductivity of plant tissues in deionized water       
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environmentally safe and readily available for agricultural applications. Most of 
these HS extracts are dark in color and have the additional advantage of containing 
minerals, natural phytohormones, and microorganisms that contribute to plant 
growth. Small- and medium-scale leaf applications are viable and easily imple-
mented methods that do not require the use of large-scale technology and human 
resources, as shown in Fig.  11.10 .

8.1       Use of Liquid Extracts of Vermicompost (Liquid Humus) 

 Salinity is a major problem that affects soil and consequently infl uences the crop 
yields. High soil salinity produces a condition of physiological stress in plants 
known as saline stress, which affects the plant’s biological productivity and reduces 
agricultural yields. The application of liquid humus to the leaves may be a viable 
alternative method for mitigating the negative effects of saline stress on food plants. 

 A liquid humus (Liplant ® ) obtained from bovine manure vermicompost was 
applied to the leaves of tomato plants ( Lycopersicon esculentum  Mill.) grown in 
salinized soils during the optimal and suboptimal planting seasons. Applied doses 
of 1:50 (v:v) of liquid humus during both seasons resulted an increased crop yields, 
compared to plants that did not receive humus applications. The application of liq-
uid humus did not change the internal attributes of the fruit, demonstrating that the 
liquid humus was innocuous when applied under these conditions (Pérez et al.  2009 , 
 2011 ). Additionally, the application of the liquid humus Liplant to tomatoes grown 
under normal conditions in red ferralitic soil stimulated several physiological 
parameters in the plants. Leaf applications of humus at a rate of 1 L ha −1  increased 
the number of roots per plant, root length, leaf number, and biomass (Terry et al. 
 2012 ). Other studies have shown that liquid humus increases the uptake of K, P, and 
N in tomato plants and enhances the photosynthetic pigment content, resulting in an 
increased agricultural yields and higher fruit quality (Tejada et al.  2008 ). 

 Liquid humus was applied to bean plants cultivated in oxisols using tillage sys-
tem which resulted in increased leaf surface area, liquid assimilation rate, biomass, 
and total agricultural yield. The highest yields were obtained when the liquid humus 
was applied at a rate of 1:60 (v:v) (Del Valle et al.  2012 ). It was also used in the 

  Fig. 11.10    The preparation and leaf application of a HS-based liquid extract from vermicompost 
in small-scale urban maize farming       
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production of watermelon seedlings ( Citrullus lanatus  cv. “Crimson Sweet”). 
Liquid humus when applied to the leaves in 22.5 mL m −2  doses resulted in the devel-
opment of seedlings with greater leaf surface area and a more developed root system 
(Silvia-Matos et al.  2012 ). In strawberry plants ( Fragaria  ×  ananassa  Duch.) this 
product improved several physiological and agricultural parameters. The applica-
tion of liquid humus was associated with increased leaf surface area (10.1–18.9 %) 
and dry mass (13.9–27.2 %). In addition, the application of the humus was associ-
ated with a 5.7–12.1 % reduction in fruit albinism, 8.5–11.2 % decrease in fruit 
malformation, and an increase in total yield to the tune of 26.5 % (Singh et al.  2010 ). 

 Several studies have examined the application of liquid humus for agricultural 
use. Most of the observed effects have been positive in increasing yields and improv-
ing fruit quality. The results of these studies show that the application of liquid 
humus is a sustainable option with numerous advantages for the production of food 
plants under both normal and adverse environmental conditions.   

9     Conclusions and Future Prospects 

 The structure–function–properties relationship should be the basis of future stud-
ies of HS and their effects on the environment. Due to the heterogeneous structural 
characteristics and numerous sources of origin of HS, every study, whether dealing 
with living organisms or natural systems, must include the structural characteriza-
tion of HS as its premise. Regarding the mode of action of HS in plants, we 
observed that in spite of experimental design, HS have effects on several different 
metabolic processes in plants, as demonstrated through the use of large-scale gene 
sequencing techniques. The main actions of HS can potentially be observed in 
each specifi c metabolic pathway. However, we still lack a complete explanation of 
how these actions create more effective plant responses that protect plants against 
possible stress. 

 Thus far, the identifi cation of a relationship between the stimuli produced by HS 
in plant defense mechanisms and primary metabolism suggests that future studies of 
HS should focus on new elements in the modes of action of HS. Current ideas about 
mechanisms that explain the action of HS in plants need to be expanded beyond 
auxin-like effects and other known effects. To understand the heterogeneity of HS 
actions, future research must consider ROS as a chemical species of great impor-
tance in metabolic signaling processes in plants. It has been shown that HS can exert 
noticeable effects on the ROS production metabolism, thereby regulating the 
REDOX homeostasis in plants. 

 Finally, the results discussed in this study and the proposed framework for future 
studies should aid in the development of new ideas about the application of HS that 
will guide future studies on the use of humifi ed organic matter in agricultural eco-
systems, particularly under the conditions of high stress.     
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