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Abstract 

Background: Salinity is one of the major environmental threats to agriculture, limiting plant growth and reducing 
crop yield. The use of humic substances to alleviate salt stress in plants is well reported, but the mechanisms remain 
unclear. This work aimed to apply humic acids on seedlings to acclimate plants to tolerate further salt stress exposi-
tion as a pre-treatment.

Materials and methods: Two independent experiments with mono (maize) and dicot (tomato) seedlings were car-
ried out. Maize was primed by humic acids (4 mM C) and further submitted to moderate salinity exposition (60 mM 
NaCl). The acclimation period of maize seedlings was characterized by ion balance and transcriptomic analysis of 
salt response genes. The tomato seedlings were also primed by humic acids (4 mM C) and exposed further to salin-
ity (200 mM NaCl), and we measured only physiological aspect, including the activity of plasma membrane proton 
pumps and net photosynthesis rate.

Results: Seedlings primed by humic acids minimized the salinity stress by changing ion balance, promoting plasma 
membrane proton pumps activity and enhancing photosynthesis rate and plant growth. We showed for the first time 
that maize seedlings treated with humic acids had a high transcription level of salt responsive genes and transcription 
factors even before the salt exposition.

Conclusion: Humic acids previously activate cellular and molecular salt defence machinery, anticipating the 
response and reducing salinity stress. This is a key knowledge to manipulate manufactured biostimulants based on 
humic substances towards a maximized crop protection.

Keywords: Humic substances, Salinity, Abiotic stress, Stress alleviation, Plant tolerance, Biostimulants, Plant 
acclimation
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Introduction
The salinity of agricultural lands increased worldwide 
due to the intensity of modern industrial agriculture, 
limiting plant growth and reducing crop yield [1]. High 
salt concentration disturbs intracellular ion homeostasis 

and causes oxidative stress in plant cells [2]. Increasing 
salt tolerance of crop plants is a key point for sustainable 
agriculture.

Different efforts have been made to increase salt toler-
ance, including current plant breeding and transposition 
of genes from halophyte to crop plants [1]. The salt-accli-
mation process is one of the most promising agronomical 
approaches [3]. Pandolfy et  al. [3] reported that short-
term exposure of the glycophyte species to a low salt 
concentration activates a set of physiological adjustments 
enabling the plants to withstand further severe saline 
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conditions. According to these authors, the acclimation 
to external environmental changes can occur in plants 
due to internal adjustments within tissues and cells, ena-
bling plant metabolism to proceed under these somewhat 
altered conditions.

We try to adapt this concept using humic acids (HA) 
as an agent to induce plant acclimation, since their abil-
ity to mitigate the negative effects caused by salinity in 
different plants has been widely reported [4–6]. HA are 
one of the most popular categories of biostimulants, 
defined as materials that contain one or more substances 
and/or microorganisms able to stimulate nutrient uptake 
and use efficiency by plants, increase plant tolerance to 
abiotic stress, and improve crop quality when applied in 
small amounts [7]. The enhancement of peroxidase activ-
ity, reduction of  H2O2 concentration, and increased cell 
proline levels in seedlings treated with HA were previ-
ously reported [8]. All of these responses are classical 
physiological adaptation against abiotic stress. Moreo-
ver, maize seedlings acclimated by HA better withstand 
further stress exposition, including osmotic stress, heavy 
metal toxicity and high concentration of HA itself [9].

The most described plant physiologic adjustment 
induced by HA is the plasma membrane (PM) proton 
pump stimulation [10], modulating the cellular electri-
cal environment and ion fluxes [11, 12]. It has also been 
reported that HA promoted the activity of HKT1 trans-
porters helping Arabidopsis to survive salt effects [13]. 
The HA application may also induce changes in ion bal-
ance and other physiological adjustments, such as the 
accumulation of osmoprotectant compounds or the 
enzymatic and non-enzymatic scavenge activity [6]. The 
results considering genetic response against salinity 
induced by HA are scarce [13].

The objective of the present study was to evaluate the 
response mechanisms of maize and tomato seedlings to 
salinity induced by humic acids.

Material and methods
Humic acids (HA)
A sugarcane filter cake vermicompost was used to 
extract HA using standard methods and characterized as 
reported elsewhere [9, 31].

Maize acclimation
Maize (Zea mays var. DEKALB 177) seeds were surface 
sterilized by soaking in 0.5% (v/v) NaClO for 30  min, 
followed by rinsing and then soaking in water for 6  h. 
Afterwards, the seeds were sown in 2  L pot filled with 
sand:vermiculite substrate (2:1, v:v) and daily irrigated 
with distilled water. After germination, seedlings were 
thinned, leaving only two seedlings per pot. The seed-
lings were grown in a greenhouse and irrigated daily with 

one-quarter strength of Furlani’s nutrient solution for 
2  weeks. The composition of this nutrient solution was 
(μmol   L−1): 3.527 Ca; 2.310  K; 855  Mg; 45 P; 587 S; 25 
B; 77 Fe; 9.1 Mn; 0.63 Cu; 0.83 Mo; 2.29 Zn; 1.74 Na; and 
75 EDTA with the N content adjusted to a low concen-
tration (100 μmol  L−1  NO3

− +  NH4
+). After this time, the 

maize seedlings were exposed or not (control) to 4 mmol 
 L−1C of HA for 5 days. After this time, the maize seed-
lings were exposed or not to moderate salt concentra-
tion (NaCl 60 mmol  L−1) for additional 3 days. Before the 
salinity exposition, the plants were harvested before and 
after the salinity exposition to evaluate the ion balance 
on root and leaf tissues and the differential transcription 
level of target genes induced by HA on roots.

After drying, leaf and root tissues of the maize seed-
lings were ground in a Wiley grinder. Then the powder 
was submitted to digestion using microwave energy with 
aqua regia in a closed vessel, and  Na+,  K+,  Ca2+, and 
 Mg2+ were analysed using ICP-AES atomic absorption 
spectroscopy (Bruker, Germany). For RNA extraction, 
100  mg fresh weight of control roots and HA-treated 
roots were macerated in liquid nitrogen. The total RNA 
of the samples (three biological replicates per treatment) 
was extracted with the  RNeasy® Plant Mini Kit (QIA-
GEN), according to the manufacturer’s instructions. 
Total RNA was quantified using the NanoDrop™ 2000 
(NanoDrop™ Technologies, Wilmington, DE, EUA). The 
RNA was eluted in DEPC-treated water (total amount 
of 4–10 μg RNA) digested with DNAse and depleted of 
ribosomal RNA using the  GOTAQ® 1-STEP RT-QPCR 
(PROMEGA). Subsequently, a 1% free RNAse aga-
rose gel was made to analyse the integrity of the RNA 
extracted. Sequencing libraries were prepared using the 
Whole Transcriptome Analysis kit (Applied Biosystems) 
according to the manufacturer’s protocol. Libraries were 
sequenced on the Illumina platform by LacTad Com-
pany (Brazil). To perform bioinformatics analysis of the 
sequences obtained by RNA-Seq, the reads obtained 
from the RNA-Seq were analysed to identify riboso-
mal RNA (rRNA) sequences in two steps: 1—rRNA 
sequences of Zea mays were downloaded from NCBI, 
and an index file of rRNA was created using NovoAlign 
v3.06.05. (http:// www. novoc raft. com/ produ cts/ novoa 
lign/). Then, reads were mapped on an index file using 
NovoAlign. 2—all fastq files were converted into Fasta, 
and BLASTN Analysis was performed against down-
loaded rRNA sequences. Identified rRNA sequences 
were removed, and reads were cleaned.

Furthermore, the quality of all reads was accessed by 
running the FastQC software, and high-quality cleaned 
reads were aligned on Z. mays genome using NovoAlign. 
Gene expression levels were normalized as reads per kilo-
base of transcript per million mapped reads (RPKM). The 
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genes with differences of at least onefold change along 
with adjusted p value (FDR)  ≤  0.05 were considered to 
be significantly differentially expressed genes. Functional 
classification analysis was executed with MapMan ver-
sion 3.6.0RC1 (https:// mapman. gabipd. org/).

To confirm the transcriptomic analyses, we performed 
additional experiments using Real-Time quantitative 
PCR (RT-qPCR) to validate candidates differentially 
expressed genes. Maize seedlings were grown in the same 
conditions as previous experiments (control and HA) 
but with an additional treatment including salt exposi-
tion during the acclimation period (60 mmol   L−1 NaCl) 
to evaluate the specific salinity gene response induced 
by NaCl exposition. The treatments (control, HA, NaCl) 
were replicated three times (three individual pots per 
treatment containing four maize seedlings with the 
same 5 cm initial main root length) in a completely ran-
domized statistical design. Three seedlings per pot were 
used for the analysis of RT-qPCR. The total RNA was 
isolated checked for integrity as described before. The 
RT-qPCR was conducted using 7.5  µL of Fast SYBR™ 
Green Master Mix in StepOnePlus™ Real-Time PCR Sys-
tem (Applied Biosystems™, CA, EUA). The target genes 
(specific salt response: SOS3; Kinase protein: SnRk2.2; 
transcription factors: bZip17 and NAC66) and primers 
description (forward and reverse sequence) were shown 
in Additional file 1: Table S1. Primer sets were designed 
using Primer Express 3.0 (Applied Biosystems, USA). 
Total RNA (5 µg) was treated with DNAase I (Invitrogen) 
and used for cDNA synthesis with the Superscript III 
First-strand synthesis kit (Invitrogen). The PCR consisted 
of 7.5 μL of SYBR Green PCR Master Mix, at concentra-
tions 500 nmol  L−1 of forward and reverse primers and 
1.0  μL of 16-fold-diluted cDNA template in a total vol-
ume of 15  μL. Cycling was performed using the default 
conditions of the 7500 Software v 2.0.5: 2 min at 95  °C, 
followed by 40 cycles of 20 s at 95 °C and 30 s at 60 °C. 
All RT-qPCR assays were carried out using three techni-
cal replicates and with a non-template control. The genes 
α-Tubulin (α-Tub) and Tubulin β-chain (β-Tub) were 
used as normalizing genes. The relative gene expression 
was determined using the qBase v.1.3.5 [14].

Tomato acclimation
Tomato (Solanum lycopersicum cv. Rheinlands Ruhm) 
seeds were germinated for 7  days in vermiculite, and 
the seedlings were transferred to a hydroponic system 
containing one-half-strength Hoagland solution either 
without or with 4 mM C  L−1 of HA. The nutrient solu-
tion was replaced weekly, while distilled water (or HA 
with distilled water) was replenished daily. Plants were 
grown in a chamber at 25  °C (day) and 22  °C (night). 

After 5 weeks of pre-treatment, plants underwent addi-
tional 7  days to four different treatments: 1. 4  mM C 
 L−1 of HA, 2. 200  mmol   L−1 NaCl, 3. HA plus NaCl, 
and 4. Control (half-strength Hoagland’s only). Each 
treatment consisted of ten plants in a completely ran-
domized design. These experiments were repeated 
three times. Tomato net photosynthesis (A), stoma-
tal conductance to water vapour  (gs) and transpiration 
(Tr) were obtained under steady-state photosynthetic 
conditions using a portable open-system infrared gas 
analyzer (Li-Cor 6400; LiCor, Lincoln, NE, USA) with 
external  CO2 supply. The chlorophyll a fluorescence 
parameter was measured in the second pair of tomato 
leaves (fully expanded) by a miniaturized pulse-ampli-
tude modulation fluorometer, Mini-PAM (H. Walz, 
Effeltrich, Germany), as previously described [15]. 
Potential quantum yield (Fv/Fm) of photosystem II 
(PSII) was measured during the day after darkening the 
leaves for 30 min. Fv is the maximum variable fluores-
cence, and Fm is the maximum fluorescence of the dark-
adapted leaf under a light saturating flash ( Fv = Fm−F0

where F0 is the ground fluorescence of the dark-adapted 
leaves). The apparent maximal electron transport rate 
(ETRmax) and effective quantum yield of PSII (ΔF/F′m) 
were obtained from the light-response curves. ΔF/F′m 
was calculated as F′m − F/F′m, where F is the fluores-
cence yield of the light-adapted sample and F′m is the 
maximum fluorescence obtained when a light pulse of 
800  ms duration (intensity ca. 3000  μmol   m−2   s−1) is 
superimposed on the general environmental light lev-
els. The determination of photosynthetic pigments was 
done after the purification of chlorophylls and carot-
enoids. Briefly, 100  mg of leaf fresh weight was added 
to 5  mL dimethyl sulphoxide in glass tubes and kept 
protected from light for 72  h until the chlorophyll a 
and b and total carotenoid were determined by spectro-
photometry as previously described [16]. Plasma mem-
brane (PM)  H+-ATPase activity was measured in root 
vesicles preparation according to Canellas et  al. [17]. 
The activity of nitrate reductase (NR) was determined 
using 0.5  g of root intact tissues cut into 2 × 2  mm 
pieces and incubated for 30 min after vacuum infiltra-
tion in 5  mL of a reaction mixture containing 50  mM 
phosphate buffer (pH 7.5), 50 mM  KNO3, and 1% (v/v) 
propanol. Nitrate reductase activity was estimated by 
the amount of  NO2 released.

Two hundred and twelve into the incubation solu-
tion, measured in a spectrophotometer at 540  nm 
[18]. Membrane integrity was determined using elec-
trical conductivity protocol, and lipid peroxidation 
was determined by measuring the amount of malon-
dialdehyde (MDA) produced by thiobarbituric reaction 
according to Santos et al. [18].

https://mapman.gabipd.org/


Page 4 of 13Souza et al. Chem. Biol. Technol. Agric.            (2021) 8:40 

Results
The HA isolated from vermicompost was characterized 
in previous studies (XX), and the carbon content (46%) 
was used to prepare HA suspension to plant treatments. 
The main chemical characteristic of HA is the presence 
of an intense and sharp peak at 56 ppm and 174 ppm on 
CP/MAS 13C NMR spectrum assigned to methoxy and 

O-alkyl groups from cellulose, hemicellulose, and lignin 
structures and carboxyl groups, respectively [18].

Maize seedlings at acclimation period
The maize seedlings primed by 4 mM C of HA increased 
both the shoot and root fresh weight compared to con-
trol (Fig. 1A, B). After moderate salt exposition (60 mM 

Fig. 1 Shoot (A) and (B) root fresh weight (g  plant−1) of maize seedlings treated or not (control) with humic acids (HA) in acclimation period. After 
5 days of treatment, the seedlings were exposed to moderate salinity conditions (60 mM NaCl). The shoot (C) and root (D) fresh weight (g  plant−1) 
of primed state induced by HA and control plants were measured after 3 days of the salt exposition. The means (n  =  10) was followed by standard 
deviation. The *, ** and ns represent the significant difference at P  <  0.01 and P  <  0.05 and not significant, respectively, by LSD test
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NaCl), the seedlings previously treated with HA sus-
tained the significant shoot weight difference observed 
in the acclimation period regarding control (Fig. 1C). In 
addition, seedlings treated with HA increased the root 
fresh weight compared to control plants submitted to salt 
stress (Fig. 1D).

The  Na+,  K+ and  Ca2+ content and  K+/Na+ and  Na+/
(Ca2+ +  Mg2+) ratio of root maize seedlings are shown 
in Fig.  2. The maize seedlings primed by HA enhanced 
 K+ and  Ca2+ content and decreased  Na+ uptake. When 
maize seedlings primed by humic acids were exposed to 
salinity, no differences were observed in root tissues for 
both treatments (control vs PS) regarding  Na+ content. 
However, the  K+ content increased in primed seedlings, 
decreasing the  Na+/K+ ratio and consequently changing 
the ion balance in root tissues. In the first phase of the 
experiment, the  Na+/Ca2+ +  Mg2+ ratio decreased, since 
the HA treated seedlings also had a larger  Ca2+ content 
in root tissues than in control. The difference in  Ca2+ 
content and  Na+/Ca2+ +  Mg2+ ratio was maintained 
when seedlings were subjected to saline stress, but to a 
lesser extent, probably due to a large  Na+ concentration 
in the medium.

We directed the transcriptome analysis for signifi-
cant differential expression (in respect to control) of 
genes related to osmotic stress (drought/salinity) in 
the acclimation period. The produced maps revealed 
34 genes in a high level of transcription in maize roots 
seedlings treated with HA (Fig.  3). Out of these maps, 
12 were up-regulated and 22 down-regulated. Addi-
tional file  1: Table  S2 describes the main function of 
each of the genes. Nine of these genes were related to 
 Na+ detoxification by the SOS family. The sodium pro-
ton exchanger SOS1 showed a greater transcription level 
in HA seedlings, while one sodium/calcium exchanger 
was downregulated. However, six SOS3 interacting pro-
teins were found at a high transcription level, half up-
regulated, and half downregulated (Fig. 3). The transcript 
GRMZM2G044038 (SOS3.1; Fig. 3) was further used for 
RT-qPCR because of its higher transcription level.

We conducted an additional experiment to verify the 
quantitative differential expression by RT-qPCR of some 
specific saline response genes, transcription factors (TF) 
and kinases responsible for the cell signalling amplifica-
tion (Figs.  4, 5). The Zea mays Salt Overlay Sensitive-3 
(ZmSOS3) transcription level was significantly larger 
than control, including that for maize seedlings treated 
with 60 mM of NaCl (Fig. 4).

Also, the transcriptional level of ZmNAC66 (the 
acronyms is a consequence of three different proteins: 
No apical meristem; Arabidopsis ATAF1/2 and Cup-
shaped cotyledon) and basic region/leucine zipper motif 
(ZmbZIP17) transcription factors, were found lager 

Fig. 2 Ion content  (Na+,  K+,  Ca2+) and ion ratio  (Na+/K+,  Na+/
Ca2+ +  Mg2+) of maize seedlings root tissues in the first phase of 
experiment acclimation period (control × humic acids, HA) and 
under moderate salt exposition (control × primed state, PS). The 
means (n  =  4) was followed by the standard deviation in mg  g−1 of 
root fresh weight
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than control in primed seedlings (Fig.  5), but the tran-
scriptional level of ZmNAC66 was similar in the maize 
seedlings treated with HA or NaCl (Fig.  5A), whereas 
the ZmbZIP17 resulted greater for 60  mM NaCl than 
for 4 mM C of HA (Fig. 5B). The transcriptional level of 
genes that codify protein kinases SnRK1 [Sucrose Non-
fermenting1 (SNF)-related kinase1] and SnRK2.2 is also 
shown in Fig.  5. Both kinases were up-regulated in the 
same level by HA and NaCl, and in both treatments, the 
transcriptional level was significantly larger than control 
(Fig. 5C, D).

Tomato physiological adjustment
The inhibition of net photosynthesis rate reached 57% 
in plants transferred for 200 mmol  L−1 of the NaCl solu-
tion (Fig.  6), whereas the same rate remained unaltered 
in plants pre-treated with HA for 5  weeks. Similarly, 
the stomatal conductance was reduced by half in NaCl-
stressed plants, while no decrease was observed in plants 
pre-treated with humic acids. The inhibition of transpira-
tion rate was 37% in plants transferred for NaCl, whereas 
pre-treatment with HA prevented the salt effect. While 
the potential quantum yield of PSII (Fv/Fm) decreased 

Fig. 3 A Transcription maps of genes related to osmotic stress (drought/salinity) in root tissues of seedlings treated with humic acids (HA) in the 
first phase of the experiment acclimation period. B Specific salinity gene response up (blue) or down (red) regulated by HA treatment related to 
control. The gene descriptions are in Additional file 1: Table S2. The scale values are significant by t test and are expressed concerning control. Above 
the axis X, one can see the locus description in the maize root. The column label showed the gene SOS
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80% in NaCl-treated plants, pre-treatment with HA pre-
vented the photochemical efficiency inhibition of NaCl 
compared to control plants (Fig.  6). Again, chlorophyll 
decreased by 45% in plants treated with NaCl, whereas 
pre-treatment with HA reverted the salt effects (Fig. 6). 
Chlorophyll b and carotenoids were not significantly 
affected by treatments. Tomato primed by HA enhanced 
60 and 25% plasma membrane  H+-ATPase and nitrate 
reductase activity, respectively, in pre-treated con-
trol plants (Fig.  7). Conversely, plants pre-treated with 
HA and transferred to NaCl presented an 80% larger 
 H+-ATPase activity than control plants. On the other 
hand, control plants that were transferred to salt solu-
tions presented a 65% larger stimulus of  H+-ATPase 
activity than pristine control plants. Salt inhibited the 
nitrate reductase activity by 70%, but pre-treatment with 
HA prevented this inhibition (Fig. 7).

Membrane integrity was 45% lesser in NaCl treat-
ment than in control plants, whereas pre-treatment with 
humic acids partially prevented the NaCl effect (Fig. 7). 
Root malondialdehyde was more than two-fold larger in 
NaCl treatment than in control plants, but pre-treatment 
with humic acids prevented the salt effects (Fig. 7).

Discussion
The humic-like organic matter isolated from vermicom-
posts shows high biological activity, which acts as an 
effective plant growth promoter. The HA isolated from 
vermicompost enhanced root and shoot weight in maize 
and tomato seedlings.

We observed a clear decrease of salinity effects in 
maize seedlings primed by HA, as measured by root 

and shoot fresh weight (Fig.  1). Seedlings primed by 
HA better withstood the subsequent exposure to salin-
ity. The physiological adjustment involving ion balance 
regulation (Fig. 2) is one of the main osmotic stress alle-
viation mechanism. We report previously that maize 
seedlings treated with HA isolated from vermicompost 
enhance the PM  H+-ATPase activity [17, 19]. However, 
besides physiological adaptation and in respect to root 
control seedlings, the analysis of significant genes tran-
scription level showed the presence of 34 genes linked 
to osmotic stress (drought and salinity) in primed seed-
lings under no salinity exposure (Fig.  3; Additional 
file 1: Table S2). Among these, 12 genes codify proteins/
enzymes that are specifically linked to the salinity stress 
response. Up to our knowledge, this is the first report 
showing that HA induces the expression of the main 
antiporter associated with salinity stress (SOS3 system; 
Fig. 4).

The underlined mechanism associated with SOS sys-
tems for salt alleviation is well described in literature, 
although Munns and Tester [2] indicated some pitfalls, 
including a lack of relationship between expression and 
gene function patterns. The purpose of this paper was 
not to discuss this mechanism but just to show how and 
why humic substances can trigger a specific salinity tol-
erance mechanism without the presence of salt stress 
(Additional file 1: Figure S2). The SOS signalling pathway 
is a classical signal pathway, which occurs when a plant 
is exposed to high NaCl levels and functions in plants as 
regulating osmotic homeostasis in response to salt stress 
[20]. In this pathway, Na + -induced increase in the cyto-
solic calcium concentration [Ca2 +] cyt" and calcineu-
rin B-like (CBL) protein, originally identified as SOS3, 
that subsequently interacts with a CBL-interacting pro-
tein kinase (CIPK24, originally identified as SOS2). The 
CBL4/CIPK24 (SOS3/SOS2) complex targets the plasma 
membrane via a myristoyl fatty acid chain covalently 
bound to CBL4/SOS3, thus enabling the phosphorylation 
and the activation of the membrane-bound  Na+/H+ anti-
porter, SOS1 [2]. This pathway was first reported by char-
acterizing genes whose expression was overly sensitive to 
salt stress (SOS).

In this work, we observed an increase of the  Ca2+ con-
centration in root tissues of maize seedlings treated with 
HA (Fig.  2). The  [Ca2+] cyt pulse induced by HA was 
previously demonstrated in rice seedlings using the ion-
selective vibrating probe system [11].  Ca2+ influxes in 
the root elongation zone following the activation of the 
PM  H+-ATPase and the  Ca2+-dependent protein kinase 
(CDPK). The latter was coupled with an increased expres-
sion of the voltage-dependent OsTPC1  Ca2+channels and 
two stress-responsive CDPK isoforms, such as OsCPK7 
and OsCPK17. The  Na+/K+ ratio (Fig. 2), an established 

Fig. 4 Relative expression of the overly salt-sensitive gene (ZmSOS3) 
quantified by RT-qPCR in roots of maize seedlings treated or not 
(control) with 4 mM C of humic acids (HA) 4 and 60 mM NaCl. The 
means (n  =  4) was followed by the standard deviation
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indicator for salt stress response, decreased dramatically 
in the primed seedlings after exposure to salinity.

Na+/K+ homeostasis in salt stress response was 
reviewed [21], highlighting the role of  H+ pumps, which 
generate the driving force for  K+ and  Na+ transport. 
The effect of humic substances on  H+ pumps is one of 
the main effects widely reported on ion uptake and root 
growth mechanism. Maize seedlings treated with differ-
ent humic acids promoted concerted PM  (H+-ATPase) 
and tonoplast  H+ pumps (V-ATPase and  H+-PPAse) 

activation [19]. The sensing and signalling mechanism of 
 Na+ stress was activated by HA in the nutrient solution 
with a relatively low electrical conductivity and deprived 
of  Na+. This activation’s downstream consequence was 
monitored by differential expression of key genes using 
real-time PCR technique. The Sucrose non-fermenting-
1-related protein kinase (SnRKs; Fig.  5) is a key com-
ponent of the phosphorylation cascade related to the 
long-distance signalling control of net ion transport [22] 
that acts as a central integrator of stress (and energy level) 

Fig. 5 Relative expression of genes quantified by RT-qPCR in maize roots. The maize seedlings were treated or not (control) with 4.0 mM C  L−1 
humic acids (HA) or 60 mM NaCl. T. A Basic leucine zipper (ZmbZIP17), B Protein highly conserved N-terminal (ZmNAC66), C SNF1-related protein 
kinase 1 (ZmSnRK1), D Protein serine/threonine kinase (ZmSnRK2.2). The means (n  =  4) were followed by the standard deviation
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and modulates the expression of more than 1000 genes 
through phosphorylation of various transcription fac-
tors [23]. We observed a great transcription level in both 

protein kinases SnRK1 and SnRK2.2 in primed seedlings, 
as well as in the transcription factors ZmNAC66 and 
ZmbZip17 (Fig. 5).

Fig. 6 Photosynthetic characterization of tomato plants. Data were obtained in 5-week-old plants with either control (1/2 strength Hoagland 
solution) or humic acids (control  +  4 mM C HA) further treated for additional 7 days with 200 mM NaCl, 4 mM C HA or 200 mM NaCl plus 4 mM C 
HA. Values are presented as means  ±  SD (n  =  10). Different letters represent average values that were judged to be statistically different between 
7-day treated plants (P  <  0.05, Tukey test). A Net of photosynthesis rate; B stomatal conductance; C transpiration rate; D quantum production yield; 
F total chlorophyll a content; G total chlorophyll b content; H total carotenoids content
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The role of NAC in the multiple abiotic stress response 
was highlighted by Shao et al. [24]. NAC plays a pivotal 
role in converting stress signal perception to stress-
responsive gene expression, and humic acids may elicit 
the SOS3 system that acts as a  Ca2+ sensor. Moreover, 
the SOS system plays a critical role in the plastic devel-
opment of lateral roots by modulating auxin gradients in 
roots under mild salt conditions [25]. The stress-induc-
ible NAC genes are involved in abiotic stress tolerance 
in both dependent and independent ABA signaliza-
tions. NAC transcription factor is an important candi-
date of gene target in the biotechnology tools set up to 
improve crop stress response [26]. Moreover, despite 
the unknown interaction of other proteins in Arabidop-
sis, the ZmbZIP17 transcription factor was described 

as involved in the crosstalk signalization in response to 
abiotic stress, including NaCl stress, mainly in shoot tis-
sues [27]. Besides, we found a large transcription level of 
ZmbZIP17 (20-fold in respect to control) in root maize 
seedlings primed by humic acids (Fig. 5).

The auxin-like activity of HA is probably the main 
biological factor responsible for the positive effects 
exerted by humic substances on plant physiology [28]. 
Its effect on NAC transcription can provide the link 
relating humic acids to root development and salt 
stress. The NAC1 transcription factor promotes lat-
eral root initiation in Arabidopsis [29] and may bind 
auxin-responsive promoters to transmit the auxin sig-
nal. The NAC1 expression is induced within 30  min 
of auxin application, suggesting that NAC1 may be an 

Fig. 7 A Activity of plasma membrane  H+-ATPase and B nitrate reductase. C Root membrane integrity; D malondialdehyde content. Data were 
obtained in 5-week-old plants with either control (1/2 strength Hoagland solution) or humic acids (control  +  4 mM C HA) further treated for 
additional 7 days with 300 mM NaCl, 4 mM C HA or 300 mM NaCl plus 4 mM C HA. Values are presented as means  ±  SD (n  =  10). Different letters 
represent average values that were judged to be statistically different between 7-day treated plants (P  <  0.05, Tukey test)
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early auxin-responsive gene [29]. Humic acids induced 
the ZmNAC66 expression by emulating the auxin sig-
nal on NAC1 expression. The effect of humic acids on 
protein kinases is known, since the CDPK expression 
was induced by humic acids in rice [11]. In addition, it 
is known that humic acids can disturb the plant nutri-
ent-sensing either indirectly by affecting cell membrane 
transporters [30] or directly by altering the expression 
of the target of the rapamycin (TOR) kinase complex 
[31].

Nutrient sensing is a key to plant adaptation, and 
TOR kinases play a central role in this process [32]. The 
SnRK1 kinases are key regulators of plant energy and 
act not only by inhibiting the growth-stimulating and 
high energy-activated TOR kinase but also in a TOR 
independent way, for example, by transcriptional repro-
gramming partially mediated by the C/S1 group bZIP 
transcription factor network [33]. SnRK1 signalling also 
crosstalks with abscisic acid (ABA)-induced SnRK2, 
both upstream through the common regulation by PP2C 
phosphatases, and, possibly, also downstream by target-
ing SnRK2-regulated A group bZIP transcription factors 
[34]. It is possible to indicate that humic acids may absorb 
or release signalling molecules that prepare seedlings for 
subsequent salt stress response. The physiological adjust-
ment observed in tomatoes that were first primed by HA 
(Figs. 6, 7) and then underwent salt stress agrees with the 
results observed with the maize seedlings assay. Toma-
toes primed by humic acids maintained a large photosyn-
thesis rate, proton pumps and NR activity.

The central role of the PM  H+-ATPase in ion uptake 
and plant growth is well known. In fact, this enzyme pro-
vides an electrochemical gradient required to energize 
the ion transport for cell uptake and induce cell growth 
by a mechanism known as acid growth, in which  H+ ions 
act as intermediates between auxin and cell wall loosen-
ing [35]. NR activity enhancement is compatible with 
the nitrogen assimilation demand induced by the carbon 
supply sustained by the large photosynthesis rate during 
salt stress in plants primed by humic acids. The protec-
tion of photosynthetic machinery induced by humic 
acids was evident, since the potential quantum yield of 
PSII (Fv/Fm) in primed plants remained large, while a sig-
nificant decrease was observed in salt-stressed tomato 
seedlings.

Plant acclimation is an important strategy for crop 
adaptation that allows internal adjustments within tis-
sues and cells and enables plant metabolism to respond 
to abiotic and biotic stress. In the context of salinity, it 
was previously reported that plants increased the ability 
to tolerate salt stress after being exposed to low level of 
NaCl, thus suggesting the pivotal role in the physiological 
process involved in the prevention of  K+ leakage and  Na+ 

accumulation, and, consequently, in the enhancement of 
salt tolerance [3].

Conclusion
We primed seedlings with humic acids to provide a plant 
acclimation against further salt stress. We also observed 
the central role in the physiological adjustment, including 
changes in ion balance and plasma membrane  H+ pumps 
activity. For the first time, we reported the occurrence of 
a large transcription level of abiotic responsive genes that 
were induced by humic acids, including those involved in 
a specific salt response gene (SOS) without the presence 
of significant salinity. In addition, transcription factors 
and kinases proteins, involved in cell signalization and 
cell energy status, were found here to be up-regulated in 
maize seedlings primed by humic acids, thereby showing 
a new role of humic matter in the cell signalization pro-
cesses that prepare plants molecular response against salt 
stress.
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pathways which, in turn, activates AREBPs inducing gene expression. 
Abscisic acid can also induce SOS3. Enzymes or transcripts evaluated in 
this work are in cyan.
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