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Abstract

Background Humic acids (HA) influence plant growth and development through various mechanisms that depend
on the source and concentration of HA, as well as the specific plant organ and its developmental stage. Acting

as biostimulants, these substances elicit stress-like responses and trigger physiological, biochemical, and molecu-

lar changes in plants that involve redox homeostasis. Therefore, we aimed to understand how purified HA derived
from oxidized sub-bituminous coal impacts growth, redox states and photobiology in plants. After identifying

the optimal HA dosage, plants were evaluated for their growth and photobiological responses, enzyme activities,
reactive oxygen species (ROS) levels, and selected gene expression.

Results An HA concentration of 20 mg L™ of carbon significantly enhanced most morphological and photobiologi-
cal parameters. HA modulated the electron transport across the thylakoid membrane, thereby influencing the proton
motive force and ATP synthesis. We also observed improved root growth within finer root diameter classes, which
enhances foraging capacity and contributes to better nutrient absorption. HA stimulated fast ROS production,
enhanced antioxidant enzyme activities, and increased H*-ATPase activity in roots. In addition, HA induced the expres-
sion of the roothairless5 (rth5) gene, which is involved in root hair growth. Furthermore, HA promoted the activity

of H*-ATPase, RBOH and NADH oxidases, and changed the expression of genes, such as ZmSOD4, ZmCAT3, ZmPIN1b,
ZMEXPA4, ZmLAX3, ZmHA2, and ZmTOR.

Conclusions These findings suggest that HA promote plant development in roots by modulating oxidative stress
through the RBOH/ROS/auxin/H*-ATPase pathways while potentially influencing photobiological processes via their
electron-donating and accepting properties. These effects may be attributed to the interplay between the pro-
oxidant (e.g., quinones and semiquinone radicals) and the antioxidant functionalities (e.g., polyphenols) inherent

in HA, both contributing to the observed eustress response. The coordinated action of the RBOH, H™-ATPase, and TOR
pathways likely help maintain a positive membrane oxidative balance, supporting root growth and development.
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Background

Humic substances (HS) are formed through a series of
chemical and biological transformations of plant and ani-
mal residues, as well as microbial metabolic byproducts,
and represent the largest reservoir of organic carbon in
the environment [1, 2]. Humic acids (HA), the princi-
pal alkaline-soluble fraction of HS, function as key plant
biostimulants and are commercially sourced from brown
lignite, oxidized lignite (e.g., leonardite), and oxidized
sub-bituminous coal [3, 4]. Humic acids enhance plant
biomass accumulation and crop productivity by pro-
moting nutrient acquisition and improving abiotic stress
tolerance, thereby supporting sustainable agricultural
practices [2, 5].

Numerous studies have explored the role of specific
functional groups within their structure in influencing
plant growth, both directly and indirectly [3, 6]. However,
the specific chemical mechanisms of HA responsible
for their biostimulant effects on plants remain unclear.
Despite the promising agricultural potential of HA,
its commercial application must consider appropriate

concentration levels, as excessive amounts, depending on
the humic source, plant species, organ type, and develop-
mental stage, can become phytotoxic [4, 7].

The oxidation—-reduction (redox) state of cells inte-
grates external and environmental signals into intracellu-
lar metabolism through the action of plasma membrane
enzymes, such as NADH and NADPH oxidases. These
enzymes are responsible for transmembrane electron
transport from the cytoplasm to the apoplast via reduced
NAD [8] and NADP [9], respectively. The NADH oxi-
dases are induced by natural and synthetic auxins [10,
11], quinones and ferrous ions [12]. These enzymes are
correlated with both pH and ion gradients in the cell
[12] and are thought to play a critical role in elongation
growth through control of plasma membrane extension
[13]. NADPH oxidases, also known as plant respiratory
burst oxidase homologs (RBOH), are calcium-depend-
ent NADPH oxidases. These enzymes regulate reactive
oxygen species (ROS) generation in processes, such as
cell wall elongation, root hair growth, pollen tube devel-
opment, and plant reproduction [14, 15]. Similar to the
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RBOH found in mammalian neutrophils (NOX), these
enzymes play crucial roles in ROS production during
various developmental stages and plant—-microbe inter-
actions [16]. In Zea mays, at least 15 RBOH genes have
been identified, each expressed in specific tissues and
involved in various plant functions [17].

The cellular redox state can fluctuate between diurnal
and nocturnal cycles and is influenced by environmen-
tal conditions [18]. These redox changes affect growth
and development [19], with the balance of ROS being
regulated by the antioxidant system [20]. ROS, such as
hydrogen peroxide (H,O,), and reactive nitrogen spe-
cies (RNS), such as nitric oxide (NO), play essential roles
in plant signaling at low concentrations, participating in
various pathways, including those mediated by hormones
[21]. Abiotic stressors trigger a Ca** flux from apoplast to
cytoplasm that directly activates RBOH when Ca** binds
to RBOH EF-hand motifs which, along with phosphoryl-
ation of the enzyme, leads to apoplastic superoxide (O,")
and finally H,O, production [19, 22]. The accumulation
of apoplastic H,O, is sensed by adjacent cells which trig-
gers a Ca’' flux into these cells, which activates their
own RBOHs, thus generating a systemic stress response
[23]. Some ROS and RNS species, such as H,0,, can oxi-
dize cysteine residues in proteins, altering their struc-
ture, activity, and/or stability through electron transfer
[24-26]. Among the proteins susceptible to oxidation are
enzymes but also transcription factors. Consequently,
ROS can influence cellular functions by modifying sign-
aling pathways as well as transcriptional and post-tran-
scriptional responses [27].

The most widely accepted hypothesis regarding how
HA modify plant physiology centers on the regula-
tion of plant bioenergetics [6, 28]. This includes the
elicitation of a mild stress or beneficial (i.e., eustress)
response, similar to that described for abiotic stress [3].
This response involves increased ATP production at key
stages of metabolic pathways, such as glycolysis and the
citric acid cycle, thereby providing more energy for pro-
ton pumps to facilitate ion uptake and support growth
through both auxin-dependent and independent path-
ways [28-32]. Given the importance of photosynthesis in
energy production and the known effects of HA on gly-
colysis and the tricarboxylic acid cycle [28], it is reason-
able to expect extensive research into how HA regulates
photosynthesis. While HA have been shown to increase
ROS in plants and induce antioxidant responses [33],
the precise mechanisms by which HA influences cel-
lular redox states remain poorly understood. Given that
the cellular redox state is closely linked to several criti-
cal plant processes, including photosynthesis, this study
aims to deepen our understanding of how HA and their
chemical structures promote root growth and influence
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photobiological changes by inducing alterations in the
cellular redox state. We hypothesize that HA activates
the enzyme RBOH, leading to transient oxidative stress,
which is subsequently mitigated by cellular antioxidant
responses. The mode of action of HA, therefore, involves
altering the cellular redox state, modulating photobio-
logical processes and which subsequently promotes root
growth and development.

Methods

Extraction of humic acids

The HA used in this study was extracted and purified
from a Cretaceous oxidized sub bituminous coal (i.e.,
humate ore) from a seam in New Mexico. The extrac-
tion and purification procedures followed those outlined
in [34]. Briefly, 2.5 g of humate ore were extracted in 1
L of 0.1 M NaOH for 6 h under a N, atmosphere. After
extraction, the alkaline extract was centrifuged at 5250 g
for 2 h to separate the HS-containing alkaline superna-
tant from the insoluble materials. The pH of the alkaline
extract was then adjusted to pH 1 using 11.7 M HCI to
precipitate the HA. After complete precipitation, the
pH-adjusted extract was then centrifuged again at 5250 g
for 2 h. At the end of centrifugation, the fulvic fraction-
containing supernatant was decanted off. The humic pre-
cipitate was then transferred to 250 mL centrifuge tubes
and de-ashed by washing with a dilute HCI/HF solution
[(5 mL of 11.7 M HCl+5 mL of 27.6 M HF) L™!]. After
HCI/HF treatment, the tubes were centrifuged at 5250 g
for 1 h and the original HCI/HF solution was replaced
with 200 mL of fresh HCI/HF solution. This process was
then repeated twice using deionized H,O with the pH
adjusted to pH 1 with 11.7 M HCl. After the final cen-
trifugation, the acidified deionized H,O was decanted
and the purified HA was frozen at -80°C, lyophilized and
stored in a sealed glass vial until use.

Chemical analysis of humic acids: fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS)

A custom-built 9.4 T FT-ICR mass spectrometer at the
National High Magnetic Field Laboratory, equipped
with a horizontal, 220 mm bore diameter, and oper-
ated at room temperature, was used to analyze the HA
sample. A modular ICR data station (Predator 32) was
used for instrument control, data acquisition, and data
analysis [35, 36] [7, 35]. The HA sample was first dis-
solved in 7.5 M NH,OH, followed by double dilution
with MeOH:H,O (1:1) to a concentration of 100 mg L™!
[37]. NH,OH was used to solubilize the dried HA and
to increase the ionization efficiency in the ESI source,
while MeOH was used to better affect the charge distri-
bution and stability of the formed ions. The mass spec-
trum was acquired in negative ionization mode with an
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introduction flow rate of 0.5 pL min~!, ESI needle volt-
age of — 3,000 V, 100 scan accumulation, and 400 ms
event length. 100 individual transients of 5.8—-6.1 s dura-
tion collected for crude extract were averaged, apodized
with a Hanning weight function, and zero-filled once
prior to fast Fourier transformation. Mass peaks with
S/N>6 were processed for formula assignment using
the National High Magnetic Field Laboratory PetroOrg®
software by setting the following parameters: C 1-100,
'H 2-200, '°O 2-30, "N 0-3, **S 0—3 with a mass error
threshold <0.5 ppm. Formulae with the least N and S
were assigned first [40]. Generated formulae were fil-
tered by O/C ratio (<1) and H/C ratio (<2) according
to Koch et al. (2005) [37]. The degree of hydrogen and
oxygen saturation and molecular heterogeneity were
assessed within the assigned formulae and molecu-
lar reactivity analyzed based on H/C and O/C ratios by
means of a Van Krevelen diagram [38] whose molecular
compositional space was divided into the typical classes
of discrete organic biomolecules found in organic mat-
ter according to the following rules: (1.5<H/C<2;
0/C<0.3) lipid-like, (1<H/C<2.2; 0.1<0O/C<0.67;
N>1) protein-like, (0.7<H/C<1.5; 0.1<0/C<0.67)
lignin-like, (H/C>1.5; O/C>0.67) carbohydrate-like,
(0.2<H/C<0.7;0/C<0.67) CAS Condensed aromatic
structures, (0.7 <H/C<1.5; O/C<0.1) UHC Unsaturated
hydrocarbon.

Dose response curve

To determine the optimal range for HA treatment, we
conducted a 2 week corn bioassay. For 2 week assays, 30
seeds were germinated in individual pots (2 seeds in each
of 15 pots) with vermiculite substrate soaked in deion-
ized H,O. At 4 days after seeding, each pot was thinned
to retain one uniform plant per pot. These 15 uniform
plants per treatment were placed in trays to which the
treatments and control were added. The concentra-
tions tested were 0, 10, 20, 30, and 40 mg L™! of carbon.
The HA treatments and the control both received half-
strength Hoagland’s solution. The HA stock solution
was prepared according to [31]. Briefly, the purified HA
powder was dissolved into 250 mL of Tris buffer (pH 10,
0.1 M). After dissolving in Tris buffer, 1750 mL of 57%
Hoagland’s solution was added, and the stock (pH 7.0)
was stable with no precipitation for several months.
Two liters of each treatment solution (pH range 5.8-6.0)
were applied to their respective trays immediately after
thinning. The solution was immediately absorbed by
the vermiculite, and any remaining solution on the tray
was checked daily for HA precipitation. For the evalua-
tion of corn root morphology in both experiments, we
evaluated the total root length (TRL), root surface area,
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total root average diameter, and TRL of the 0-0.25 mm
diameter root class using scanned images analyzed with
WinRHIZO™ software (Regent Instruments Inc.). The
photobiology and statistical analyzes are described below.

Experiments with the optimum HA concentration

After analyzing the dose—response experiments, a con-
centration of 20 mg L™! of carbon was determined to be
the optimal rate. Consequently, three additional experi-
ments were conducted to assess growth through biom-
etric and photobiological measurements, as well as the
biochemical and molecular responses to HA treatment.
In each experiment, 20 plants were grown and treated
following the protocol described before. Of these, 10
plants per treatment were used for biometric and photo-
biological analyses, while the remaining 10 were allocated
for biochemical and molecular analyses. The experiments
were repeated three times, resulting in a total of 30 sam-
ples for biometric and photobiological assessments, and
15 for biochemical and molecular analyses.

Photobiology and biometric analysis

To investigate whether HA influenced the light reactions
of photosynthesis, several photosynthetic parameters
were measured to explore the potential causal relation-
ship between root-applied HA and its effects on chloro-
phyll a fluorescence. Plants were harvested at V5, and we
analyzed the photobiology at the 4th leaf during the late
afternoon (in the last 2 h of the photoperiod). Corn pho-
tosynthesis was evaluated using the handheld fluorome-
ter MultiSpeQ V 2.0 with the PhotosynQ platform (www.
photosyng.com) according to [39]. The protocol Photo-
synthesis RIDES 2.0 was used to measured chlorophyll a
fluorescence effective quantum yield (Phi2 or ©2), non-
photochemical quenching (ONPQ), the redox state of
quinone A (qL), and chlorophyll index (SPAD value). The
electrochromic shift ECS, is the magnitude of the light-
induced pmf and was used to estimate thylakoid proton
conductivity via ATP synthase (g;;*) using DIRK (dark-
interval relaxation kinetics) analysis. The plants were
subjected to the same photosynthetically active radiation
(PAR) during the entire experiment and light reactions
measurements.

In the same experiment, after photobiological analysis,
the roots were collected for measurements of total root
length, root surface area, root average diameter, root vol-
ume, and the number of lateral roots using WinRHIZO™
software (Regent Instruments Inc.). Fresh weight sam-
ples of the roots were then measured using a precision
balance.
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Biochemistry analysis

Plasma membrane enzyme activities

The microsomal fraction (plasma membrane and
tonoplast) was then used to measure the activity of
H*-ATPase, NADPH oxidase (RBOH), and NADH oxi-
dase using specific inhibitors and substrates. The micro-
somal fraction was isolated from plant material using
differential centrifugation, as described by [30]. The tis-
sue was homogenized in a cold extraction buffer with a
porcelain mortar (1:2 g/mL) 24 h after HA treatment.
The extraction buffer was composed of 250 mM sucrose,
10% glycerol, 100 mM tris-base, 5 mM EDTA (or EGTA),
100 mM KCl, 5 mM DTT, 1 mM PMSE 0.4% PVP-
40 T 1%, 0.3% BSA. The pH was adjusted to pH 8 with
1,3-bis[tris(hydroxymethyl)methylamino]propane (BTP).
The homogenate was filtered through two layers of Mira-
cloth (Calbiochem, cat. no. 475855-1R). The extract was
centrifuged at 3000xg for 15 min at 4 °C. The supernatant
was centrifuged again at 10000xg for 15 min at 4 °C fol-
lowed by a second centrifugation. Next the supernatant
was centrifuged, a third time, at 32000g for 40 min to
separate the microsomal fraction. The precipitate from
this third centrifugation was resuspended in a buffer
solution containing 10% glycerol, 100 mM MOPS (pH
7.6), 2 mM EGTA, 2 mM DTT and PMSF (1 mM) and
MgSO, (3 mM), benzamidine (1 mM). The resuspended
and homogenized pellet was stored at — 80 °C. All enzy-
matic activities were calculated based on the protein con-
tent per sample, which was determined according to [40].

The plasma membrane H*-ATPase activities were
determined using microsomal fractions by colorimetri-
cally assay for determination of Pi released during ATP
hydrolysis, according to the method described by [41],
with modifications proposed by [30]. Specific inhibitors
to plasma membrane H*-ATPase (i.e., vanadate) was
used to detect the specific activity of the enzyme.

The plasma membrane protein fractions used for meas-
uring NADPH (RBOH) and NADH oxidase activities
were isolated as previously described. RBOH activity was
measured according to the method of [42]. The reaction
medium contained 50 mM TRIS-MES buffer (pH 7.4),
0.2 mM XTT, 0.2 mM NADPH, and 15 mg of membrane
proteins. The reaction was initiated by adding NADPH.
The assay was performed both with and without 200 uM
diphenyleneiodonium (DPI), which was used to inhibit
RBOH-like enzyme activity and to determine possible
NADPH oxidation by the NADH oxidase. XTT reduction
was monitored by measuring absorbance at 470 nm. Cor-
rections for background activity were made by includ-
ing 50 units of superoxide dismutase (SOD). The NADH
oxidase assay was conducted as described by [43], using
a reaction medium containing 50 mM TRIS—-MES bufter
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(pH 7.0), 150 uM NADH, and 10 mg of plasma mem-
brane proteins. The reaction was initiated by adding
NADH, and the specific activity of the plasma membrane
was calculated using an NADH extinction coefficient of
6.2 mM™ cm™. Diphenyleneiodonium (200 zM) was
used to inhibit RBOH-like enzyme activity.

ROS and nitric oxide content and antioxidant

The accumulation of reactive oxygen species (ROS), such
as superoxide (O,) and hydrogen peroxide (H,O,), as
well as nitrogen species, nitric oxide (NO), was measured
at 0, 15, 30, and 60 min after treatment with 20 mg L™
of carbon of HA. Plant roots were collected and imme-
diately frozen in liquid nitrogen until further processing.
Superoxide content was measured using the Inhibition
and Production of Superoxide Colorimetric Assay Kit
(Elabscience). The H,0O, content was determined using a
Peroxidase Assay Kit (Sigma-Aldrich, MAK311) and NO
using a NO Assay Kit (Sigma-Aldrich, MAK454), all fol-
lowing the manufacturers’ protocols.

Antioxidant capacity was assessed using the Total
Non-Enzymatic Antioxidant Capacity Assay Kit (Sigma-
Aldrich, No. MAK187), following the manufacturer’s
instructions. Leaf tissues (0.05 g) from each condition
were pooled and homogenized in 100 mL of water, cen-
trifuged at 15,000 g for 1 min, and the supernatant was
collected. A copper solution was then added to the super-
natant, and the samples were incubated at room temper-
ature for 90 min. The antioxidant capacity was measured
using a Synergy/HTX Biotek Multi-Mode Reader at
570 nm.

The catalase activity assay was performed using the
Catalase (CAT) Activity Assay Kit (Elabscience), while
the superoxide dismutase (SOD) activity was measured
using the Total Superoxide Dismutase (T-SOD) Activity
Assay Kit (Elabscience). Sample preparation and enzyme
activity measurements followed the protocols provided
by the manufacturer.

Molecular analysis

The primers for the gene sequences from NCBI were
designed using NCBI tools and Primer3Plus program.
The primer sequences were analyzed using the Oligo-
Analyzer Tool for stability and unwanted pairing. The
best primers were synthesized and tested on a 1% aga-
rose gel through electrophoresis, applying a voltage of
75V for approximately 50 min in 1X Tris/Borate/EDTA
(TBE) buffer, to confirm the presence of a single band
after PCR amplification using cDNA. The PCR configu-
ration included incubation at 25 °C for 10 min, 37 °C
for 120 min, denaturation at 85 °C for 5 s, and storage
at 4 °C until further analysis. The sequences utilized in
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this study were retrieved from the National Center for
Biotechnology Information (NCBI) Database [https://
www.ncbi.nlm.nih.gov/] and the Maize Genetics and
Genomics Database (MaizeGDB) [http://www.maize
gdb.org/expression/]. All sequences are included in
Supplementary Table 1.

Roots samples were collected for total RNA extrac-
tion from a combined sampling of 9 plants per treat-
ment, divided into triplicates (3 plants per replica). The
experiments were repeated three times, resulting in a
total of 9 samples per treatment. Plant roots (500 mg)
were ground with liquid nitrogen in ceramic mortar
and pestle, and 5 mL of Tri Reagent® (Sigma-Aldrich
T9424) was added to the samples, followed by a 5 min
incubation at room temperature. The samples were
then centrifuged at 4 °C for 5 min (12,000 g), and the
upper aqueous phase was transferred to a new tube,
where 200 pL of chloroform was added. The tubes were
manually shaken for a few seconds and incubated at
room temperature for 5 min. A second centrifugation
step was performed for 15 min (12000g) at 4 °C. The
RNA was recovered from the supernatant and reacted
with 1 mL of isopropanol in a new tube for precipita-
tion. The samples were stored in a freezer at — 20 °C
for approximately 1 h to enhance extraction efficiency.
The tubes were centrifuged at 4 °C again for 15 min
(15000g), and the supernatant was discarded. Then,
1 mL of 12 M ethanol was added to each tube for sam-
ple purification, followed by a final centrifugation at
4 °C for 5 min (15000g). After discarding the ethanol
and drying the tubes, the RNA was resuspended in
30 pL of endonuclease-free ultrapure water and incu-
bated in a water bath at 60 °C for 15 min. RNA quality
was analyzed using a 5 g/kg agarose gel electrophoresis,
subjected to a voltage of 100 V and a current of 400 mA
for approximately 20 min in 1X Tris—Acetate-EDTA
(TAE) buffer. RNA quantification was performed using
a NanoDrop 2000c spectrophotometer (ThermoFisher
Scientific). Once the quality of the extracted RNA was
confirmed, complementary DNA (cDNA) synthesis was
performed using 2 pg of RNA with the high-capacity
cDNA reverse transcription kit (applied biosystems).
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For this, 10 uL of the reaction mix and 10 pL of each
sample were mixed and placed in a thermocycler with
the following configuration: 25 °C for 10 min, 37 °C
for 120 min, 85 °C for 5 min, and 4 °C until the cDNA
samples were retrieved. The cDNA samples were stored
at — 20 °C in the freezer for future gene expression
analysis.

Quantitative real-time reverse transcript amplification
analyses were performed in a StepOnePlusTM thermocy-
cler (Applied Biosystems) from total cDNA derived from
RNA samples. Amplifications were carried out in initial
incubations at 95 °C for 10 min, followed by 40 cycles
of 95 °C for 15 s and 1 min at 60 °C. After the reaction
cycles, the determination of the dissociation curves of
each product (melting curve) at a temperature of 95 °C
for 15 s, 60 °C for 1 min, and again at 95 °C for 15 s. Rela-
tive expression was calculated with amplification Ct val-
ues using the delta—delta Ct methodology [44] was used
to quantify relative gene expression with ZmTUA4 and
ZmGAPDH as internal controls.

Statistical analysis

Data were analyzed for residual normality and homo-
scedasticity using the D’Agostino—Pearson omnibus test.
Data presenting a normal distribution was submitted to
analysis of variance (ANOVA) followed by test of Tukey
or Dunnett for different HA concentrations. Afterward,
only the lower HA concentration able to change plant
growth and photosynthesis, was tested against the con-
trol, and the statistical significance was measured using
the t test. All statistical calculations were performed with
GraphPad Prism version 10.3.1 for Mac, GraphPad Soft-
ware, Boston, Massachusetts USA.

Results

Fourier transform ion cyclotron resonance mass
spectrometry of HA

The FT-ICR MS analysis produced 9.902 peaks assigned
to a molecular formula. The compounds not assigned to
a molecular formula represent 0.10% of the total (No hit).
The total weighted average of the molecular weights was
403 m/z with an average of 23 C atoms and 18 equivalent

Table 1 Group distribution and molecular descriptors of HA FT-ICR MS spectrum upon formula assignment

Rel. Ab m/z avg A.W. avg DBE A.W. avg C# Median C # median H/C median O/C Avg Al
CHO Ox (41.6%) 4135 1838 253 28 0.76 021 061
Ox13Cy (7.67%) 410.8 18.7 24.2 24 0.04 0.22 0.67
CHON NxOy (41.28%) 4323 204 25.8 27 061 0.21 0.7
NxOy13Cz (6.95%) 425.6 20.3 24.7 24 0.04 0.21 0.76
CHOS OxSy (2.24%) 3728 15.7 204 19 0.63 0.06 0.68
OxSy13Cz (0.16%) 364.3 16 19.7 20 0.05 0.05 0.81
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double bonds (DBE) (Table 1). Upon grouping by hetero-
atomic composition, it was found that CHO and CHON
formulas had the highest occurrence, accounting for
49.3% and 48.2% of the total peaks, respectively, followed
by CHOS (2.4%). In contrast, no CHONS formulas were
identified (Table 1). The smaller molecular weight for-
mulas belonged to the CHOS group, the less represented
group. However, the molecular weight in the CHO and
CHON groups did not exceed 425.6 m/z. The presence of
small molecules across the groups with a low molecular
weight suggests a dynamic behavior of the HA, where the
presence of weak dispersive forces leads to the formation
of supramolecular dynamic aggregations.

The Van Krevelen diagrams shown in Fig. 1 visually
describe the molecular distribution according to the
superimposed or singular heteroatomic group. The area
defined by the low H/C and O/C ratio is where most of
the molecules were concentrated for both CHO and
CHON formulas, suggesting the very aromatic character
of the oxidized sub-bituminous coal HA. CHOS mol-
ecules were mainly spread along the y-axis and showed a
very small content of oxygen. Specific values of hydrogen-
to-carbon (H/C) and oxygen-to-carbon (O/C) ratios were

CHON
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used to define regions, where distinct classes of organic
compounds, including lignin, lipids, proteins, carbohy-
drates, condensed aromatic structures (CAS), and unsat-
urated hydrocarbons (UHC) can be located. By following
this approach, the percentage of molecules per class of
organic compounds was calculated as well as the con-
tribution of each heteroatom group per class, as shown
in Fig. 2. As expected, most of the molecules belonged
to CAS and lignin classes, followed by UHC, lipid, and
protein. No carbohydrates were found. The composition
of biomolecule groups in terms of heteroatom classifica-
tions showed that CHO formulae were mostly associated
with lipids (89.7%), lignin (50.5%), and CAS components
(35.5%) (Fig. 2B). In contrast, CHON formulas were dis-
tributed more evenly between CAS (54.4%) and lignin
compounds (45.7%), with a smaller presence in UHC
(37.7%). CHOS formulae were mainly observed in UHC.
The relatively most abundant formulas per each bio-
molecule group were investigated online by referencing
databases such as PubChem and chEMBL to attempt the
identification of the molecules (Supplementary Table 2).
The most representative molecules belonged to the CAS
and lignin groups and are indicative of highly conjugated

® CHO

CHOs

AR /

Fig. 1 Van Krevelen diagram of all molecules assigned to a molecular formula (A), and grouped according to the heteroatom composition, CHO (B),

CHON (C), CHOS (D)
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polycyclic aromatic quinone, phenolic, and heterocyclic
systems. The most abundant CAS-assigned molecular
structures are quinone and anthraquinone derivatives
of fungal and microbial origin often showing biologi-
cal activity (e.g., preussomerin, eucapsitrione, hypericin,
and oviedomycin). In contrast, lignin-derived formulae
appear to contain structural features characteristic of fla-
vonoids, such as the flavone backbone (e.g., 3-hydroxy-
4-(3-oxo0-3-phenylpropanoyl) phenyl benzoate), where

the presence of specific substituents such as the acetyl or
the hydroxyl group (e.g., Di-acetyl flavone and 3-acetoxy-
flavone) might play an important role in shaping the mol-
ecule chemical properties and behavior.

Dose response experiment

We observed that above 20 mg L™! of carbon (equivalent
to 34 mg HA/L) there was an increase in total root length
and in the fine root length class diameter (around 70%)
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while a reduction of 89% in root diameter average (Sup-
plementary Fig. 1). The dose—response curve test for the
photobiological parameters also indicated a consistent
change above 20 mg L™ of carbon treatment (Supple-
mentary Fig. 1). This concentration was the lowest con-
centration that consistently demonstrated a statistically
significant positive effect across all measured parameters.
Therefore, the 20 mg L™! of carbon concentration was
chosen for further experiments.

Experiments with the optimum HA concentration
Photobiology and biometric analysis

The results showed that HA treatment (20 mg L™ of
carbon) improved Phi2 (effective quantum yield) by 12%
(Fig. 3A), qL value (redox state of quinone A) by 15%
(Fig. 3C), and ETR by 12% (Fig. 3D), while NPQ (non-
photochemical quenching) decreased by 20% (Fig. 3B).
The electrochromic shift (ECSt), SPAD values and thy-
lakoid proton conductivity via ATP synthase (gy™)

o
F'S
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increased by approximately 55% (Fig. 3E—G). This dem-
onstrates that HA can alter relative light-driven proton
flux, influencing the electric flow across the thylakoid
membrane, affecting proton motive force (ECSt), and
ATP synthesis (gH*) (Fig. 3F, G).

Humic acids improved total root length by 55%
(Fig. 4A) and root surface area by 30% (Fig. 4B). HA
reduced average root diameter by 12% (Fig. 4C) and
increased root volume by 22% (Fig. 4D). In addition, HA
increased the number of lateral roots by 85% (Fig. 4F) and
total root fresh weight by 33% (Fig. 4E). These changes
improve root foraging capacity, such as increased surface
area and finer root structures.

Biochemistry analysis

Plasma membrane enzyme activities

H*-ATPase activity increased by 65% after 1 h of HA
exposure, and this activity remained higher than the
control after 24 h (64%) (Fig. 5A). NADH oxidase activ-
ity increased by 64% after 1 h compared to control plants
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Fig. 3 Photobiology responses to HA treatment after 7 days. A Effective quantum yield (Phi2 or ©2); B non-photochemical quenching (ODNPQ);
C redox state of quinone A (gl); D electron transport rate (ETR); E chlorophyll index (SPAD index); F magnitude of electrochromic shift (ECSt); G
thylakoid proton conductivity via ATP synthase (gy,."). Asterisks indicate significant differences according to t test (*P < 0.05, **P <0.01, ***P <0.001,

****P < (0,0001, ns=not significant)
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and showed a less pronounced increase of 18% after 24 h
(Fig. 5B). Root NADPH oxidase (RBOH) enzyme activ-
ity increased by 30% after 1 h compared to control and
showed an even greater increase of 71% after 24 h expo-
sure (Fig. 5C).

ROS and nitric oxide content and antioxidant

THA triggered the production of ROS and NO (Fig. 6).
Superoxide accumulation in roots increased significantly,
with a rise of 155% at 15 min and 143% at 30 min follow-
ing HA treatment (Fig. 6A); however, the concentration
decreased after 1 h. A similar pattern was observed for
NO, which increased by 20% at 15 and 30 min after HA
treatment. After 1 h, there was a reduction in NO con-
centration to levels similar to untreated plants (Fig. 6C).
In contrast, H,0, levels in HA-treated plants showed a
notable increase only at the 30-min mark, increasing up
to 90% when compared to non-treated plants (Fig. 6B).
Superoxide dismutase (SOD) activity was enhanced

by 50% to 84% several hours after HA exposure (at 5
and 24 h) (Fig. 6D). Meanwhile, HA treatment induced
catalase (CAT) activity at all observed timepoints, with
increases ranging from 70 to 127% (Fig. 6E). In addition,
the total antioxidant capacity (non-enzymatic) increased
by 26% (Fig. 6F).

Molecular responses: gene expression

Humic acids treatment led to significant changes in gene
expression. Specifically, after 24 h, the transcripts of all
genes were upregulated including, ZmPHT1 (2.7-fold)
(Fig. 7A), ZmNRT2.1 (1.8-fold) (Fig. 7B), ZmPIN1b (1.7-
fold) (Fig. 7C), ZmLAX3 (1.6-fold) (Fig. 7D), ZmEXPA4
(1.5-fold) (Fig. 7E), ZmEXPA9 (1.7-fold) (Fig. 7F),
ZmHA2 (1.6-fold) (Fig. 7G), ZmTOR (1.5-fold) (Fig. 7H),
Zmrth5 gene (1.5-fold) (Fig. 71), ZmRBOH4 (1.5 fold)
(Fig. 7)), ZmSOD4 Cu/Zn (2.5-fold) (Fig. 7K) and
ZmCAT3 (twofold) (Fig. 7L). Furthermore, humic acids-
treated plants exhibited higher transcription levels of
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several genes after 7 days compared to untreated plants.
The induced genes included ZmH*'-ATPase2 (1.3-fold)
(Fig. 7G), ZmTOR (1.5-fold) (Fig. 7H), ZmrthS (1.6-fold)
(Fig. 71), ZmRBOH4 (1.5-fold) (Fig. 7]), ZmSOD4 Cu/
Zn (1.6-fold) (Fig. 7K), and ZmCAT3 (1.6-fold) (Fig. 7L).
However, some genes were downregulated including
ZmNRT2.1 (0.4-fold) and ZmLAX3 (0.5-fold) (Fig. 7B, D).
The genes ZmPHTI1, ZmPIN1b, ZmRBOH4, ZmEXPA4,
ZmEXPA9 did not show significant changes after 7 days
(Fig. 7C, E, F).

Discussion

Plant organ growth and development are intricately regu-
lated by the redox state, involving key proteins, such as
RBOH, NADH oxidase, TOR, and plasma membrane
H*-ATPases [45, 46], alongside hormonal and sugar
signaling [47]. Several studies highlight the relationship
between the redox state and the regulation of plant organ
growth and development [14, 20].

Humic acids are well-documented in the literature
for their chemical structure and biological activity as
biostimulants [6, 28, 29, 31, 33, 48]. However, many
aspects of their effects and underlying mechanisms
remain unclear. Chemical analysis of the HA revealed
molecules from CAS, carboxylic acids, and lignin groups,
indicative of conjugated polycyclic aromatic quinone,
phenolic, and heterocyclic groups, possibly of fungal/
microbial origin, similar to HAs from soil and lignite
[48]. The observed root structure modifications likely
involve ROS modulation mediated by the presence of
quinones and flavonoid-like structures. Gayomba and
Muday (2020) [49] observed that root hair-forming cells
exhibit increased expression of RBOHC and higher ROS
levels. In RBOHC mutants, auxin-induced root hair ini-
tiation is reduced, while mutants with elevated flavonoid
production show enhanced root hair formation. This
suggests that flavonoids play a critical role in regulating
root development by modulating ROS accumulation. We
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observed a modulation of ROS levels, likely due to the
activity of antioxidant enzymes and non-enzymatic path-
ways. Furthermore, the polyphenols present in the HA
have also contributed to ROS modulation.

Quinones, present in HS, have notable effects on plant
growth. By acting as pro-oxidants, they can positively
influence growth, particularly at low concentrations.

Flaig and Saalbach (1955) [50] observed enhanced ger-
mination in cereal seeds when minimal concentrations
of thymoquinone and thymohydroquinone were applied,
suggesting that quinones impact respiration via the redox
system. Because respiration is regulated by both photo-
synthesis and oxidative stress, results revealed that both
processes were positively affected by HA application.
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Specifically, HA treatment increased the effective quan-
tum yield and the redox state of quinone A, while reduc-
ing non-photochemical quenching, implying that more
energy is directed toward photosynthesis with less energy
lost to non-photochemical processes, such as heat dis-
sipation. HA also enhanced the SPAD index (chloro-
phyll content) and steady-state proton flux, parameters
directly linked to efficient light capture and conversion
into chemical energy in PSII.

Previous studies have also demonstrated that HA can
improve the effective quantum yield of PSII, though
primarily under drought stress conditions [51]. HA can
stimulate photosynthesis by increasing nitrogen lev-
els and chlorophyll content in leaves [52]. Here, it was
observed that HA alone can modify both effective quan-
tum yield of PSII and the electron transport across the
thylakoid membrane, thereby influencing proton motive
force and ATP synthesis. A causal relationship between
root acidification and increase in photosynthesis was
suggested in Vigna unguiculata L. [53]. The observed
increase in fine root development, along with enhanced
H*-ATPase activity, supports the hypothesized link
between rhizosphere acidification and improved photo-
synthetic efficiency.

The detection of naphthoquinones in the sample,
including 3,3 -bisjuglone, suggests a potential role in
the activation of plant defense responses. Van Gestelen
et al. (1998) [54] found that compounds such as juglone,
1,4-naphthoquinone, and 2,3-dichloro-1,4-naphthoqui-
none significantly enhanced O,+” production mediated
by NAD(P)H-dependent enzymes. Their study demon-
strated that juglone is reduced to its semiquinone form
by NAD(P)H. Conversely, plant quinone reductases
(QRs) protect against quinone-induced oxidative dam-
age, as demonstrated by a study, where overexpression
of a mitochondrial QR improved growth and photosyn-
thesis under heat stress [55]. Quinone reductases can use
both NADH and NADPH as electron sources to cata-
lyze the formation of a reduced hydroquinone, transfer-
ring two electrons to a quinone rather than creating the
more reactive, one-electron reduced semiquinone [56].
This action may help maintain redox homeostasis, ulti-
mately supporting plant acclimatization and growth. The
observed effects on root growth and development likely
result from interactions between HA’s pro-oxidant prop-
erties (e.g., quinones and semiquinone radicals) and its
antioxidant components, such as polyphenols [57].

Rapid production of ROS is promptly mitigated by
antioxidant activity [27, 49], serving as an early sig-
nal for stress detection and activates downstream sig-
nal transduction pathways [27]. This study showed
that HA induces a transient increase in O2e7, likely
due to enhanced NADPH oxidase (RBOH) activity.
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H*-ATPase activities, NADH oxidase, and antioxidant
activities together contribute to maintaining cellu-
lar redox balance. The activities of RBOH and NADH
oxidase release protons into the cytoplasm, lowering
cytoplasmic pH, which can activate plasma membrane
H'-ATPases [58]. Here we provide the first evidence
that root growth stimulation involves the combined
activities of NADH oxidase, associated with plasma
membrane extension [12], and the coordinated interac-
tion between RBOH and H*-ATPase, wherein proton
efflux mediated by H*-ATPase and RBOH-derived ROS
in the apoplast contribute to cell wall loosening during
root development [46]. In addition, co-regulation of
RBOH and H'-ATPase at the transcriptional level has
been observed, with evidence that H,0, and Ca®* can
regulate the expression of both genes [59]. Accordingly,
HA increased cytosolic calcium transients and ROS
wave in Arabidopsis roots [31].

The increase in H,0O, may activate HPCA1 (HYDRO-
GEN- PEROXIDE-INDUCED Ca?* INCREASES), a leu-
cine-rich repeat receptor kinase (LRR-RK) located on the
cell surface that enhances Ca** signaling [60, 61]. HPCA1
is distributed throughout the root system, including in
root hairs, emphasizing its role in regulating cell elonga-
tion through auxin-mediated pathways [61, 62]. Inter-
estingly, HPCA1 is also involved in plant responses to
quinones [63], though the specific connection between
quinones, ROS, and HPCAl in root development
remains unclear. Given that Ca** modulates various sign-
aling pathways, the interaction between HPCA1, RBOH,
and apoplastic H,O, accumulation likely plays a role in
modulating root development [62, 64]. Our findings are
in line with the HPCA1 and RBOHC upregulation in
Arabidopsis roots treated with HA [31].

In this study, corn roots experienced oxidative stress
shortly after HA application, followed by a significant
increase in antioxidant activity through SOD, CAT, and
total non-enzymatic antioxidant capacity within a few
hours. Similarly, HA from different sources has been
shown to stimulate CAT and SOD activity in other plant
species [64, 65]. Increased transcript levels of ZmSOD4
and ZmCAT3 were also observed in plants treated with
HA. ZmSOD4 is a maize isoform highly expressed in
response to abiotic stress and abscisic acid (ABA) treat-
ment [66, 67], while ZmCAT3 is upregulated in roots
in response to auxin and H,O, treatments [68, 69]. The
apoplastic enzyme Cu/Zn SOD can utilize protons
extruded into the apoplast by H*-ATPase to dismu-
tate Oy~ to H,O,. This process reflects a coordinated
action between Cu/Zn SOD, RBOH, and H*-ATPase
[46, 70]. Detoxification of H,O, occurs through peroxi-
dase activity in the apoplast, which breaks down H,O,
using electron donors, such as phenolics and flavonoids
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[71]. Meanwhile, H,O, can also enter the cell via aqua-
porins and is subsequently detoxified in the cytoplasm
by catalases [72]. These results suggest that HA induces
a transient oxidative stress, which is subsequently coun-
terbalanced by an increase in antioxidant responses. This
balance may be a critical factor in determining the opti-
mal timing and frequency of HA applications in the field.

HA from different sources regulates lateral root num-
ber and root hair formation in various plant species [30,
48]. The results of this study link HA with ROS sign-
aling, ultimately connecting them to enhanced root
growth, particularly through increased lateral roots and
the development of finer root structures, which improve
the plant’s nutrient foraging capacity. A greater number
of fine roots can enhance the nutrient use efficiency of
plants by increasing their absorptive capacity, thereby
enabling the use of less fertilizer to achieve the same level
of productivity. In nutrient-deficient soils, the expanded
absorptive area provided by finer root structures can par-
ticularly improve plant performance [73].

Humic acids enhance soil P solubilization, mobility and
increase the expression and activity of H"-ATPase, all of
which contribute to promoting P uptake [74]. The high-
affinity phosphate transporter ZmPHT1 is responsible for
inorganic phosphate uptake from the soil and its redis-
tribution within plants [75]. Furthermore, HA increased
the expression of phosphate-related genes (ZmPHTI)
after 24 h, potentially contributing to a greater num-
ber of transporters and enhancing the plant’s phosphate
absorption. In addition, HA was observed to increase
the expression of the high-affinity nitrate transporter
ZmNRT2.1, suggesting a potential increase in nitrogen
uptake, as reflected by the higher SPAD index. The tran-
sient induction observed for most evaluated genes after
HA application has significant implications for under-
standing its mode of action. This rapid yet temporary
upregulation of genes, such as those involved in nutrient
uptake, suggests that the timing of HA application could
be critical for maximizing its beneficial effects on plant
physiology.

Plants treated with HA also showed increased tran-
script levels of Roothairless5 (RTHS) after 24 h, which
plays a crucial role in the development of root hairs in
maize. RTHS transcripts accumulate in roots, with the
highest levels detected in root hairs [76]. This gene is
closely related to the AtRBOH family, which is essential
for establishing peaks of O,¢” and H,0, and maintaining
elevated Ca®* levels in the tips of growing root hairs [76].
Interestingly, another gene from the RBOH family, ZmR-
BOH4, was induced by HA treatment after 24 h. This
gene plays a role in plant immunity by initiating oxidative
bursts in response to pathogen attacks and contributes to
maize’s resistance to gray leaf spot [77]. The functional
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similarity suggests that ZmRBOH4 is an ortholog of AtR-
BOHD [77], which is also integral to the plant immune
response and plays a critical role in the oxidative burst
that occurs upon pathogen attack in Arabidopsis thaliana
[78].

In addition, HA improve ZmHA2 gene expression
(Fig. 7GQ) in maize roots. ZmHA?2 is an important and
the most abundant isoform, expressed in different tis-
sues, present in phloem cells, stomatal guard cells and
root epidermis [79], and also is correlated with nitrate
uptake by ZmNRT2.1 [80]. Consistent with this, both
ZmHA2 and ZmNRT2.1 are affected by HA from earth-
worm casting [81]. Furthermore, our findings show that
HA also promoted increased expression of Target of
Rapamycin (TOR), a key gene in plant development. This
observation aligns with a very recent report in Arabi-
dopsis roots [31] demonstrating that HA upregulates
both H™-ATPase (AHA2) and TOR kinase, leading to
H*-ATPase-dependent TOR signaling activation. Sup-
porting this link, a correlation between H*-ATPase and
TOR protein complex 1 (TORC1) activity has also been
shown in Nicotiana tabacum cells, where H'-ATPase
activation induced TORC1 activity even under nutrient-
and auxin-free conditions [45]. The TORCI, serves as a
central regulatory hub integrating diverse internal and
external signals related to plant growth, development,
and stress responses, influencing numerous processes,
such as photosynthesis, nutrient absorption, fruit devel-
opment, and interactions with microorganisms [82].

ROS, nitric oxide (NO), and auxin are known to play
key roles in promoting root growth and development [83].
Our observation in this study corroborates the HA-medi-
ated stimulation of root development (Fig. 4) involving
NO and interaction with plasma membrane H*-ATPase,
a phenomenon first described by [30]. Interestingly, NO
can enhance RBOH activity through S-nitrosylation, lead-
ing to increased production of O, [84]. It was observed
that HA increase NO concentration over several hours,
enhance H'-ATPase activity, and boosted the expression
of auxin-related genes, such as the efflux carrier PIN1b
and the influx carrier LAX3, after 24 h of treatment. Tre-
visan et al. (2010) [85] also demonstrated that HA induces
the auxin pathway, as shown by the auxin synthetic
reporter DR5:GUS and the increased transcription of
auxin-responsive genes. In fact, HA from a sedimentary
source increases auxin concentration in roots [86], which
in turn could trigger auxin response pathways.

ROS can alter auxin biosynthesis, metabolism, and
signaling [21], while auxin can also influence ROS pro-
duction [87, 88], further highlighting the interaction
between ROS and auxin-mediated signaling. The puta-
tive ortholog of AtPINI in Zea mays, PIN-formed 1b
(ZmPIN1b), mediates auxin transport in maize roots. In
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Arabidopsis thaliana, it has been shown that PIN genes
play a critical role in root growth and development [60].
ZmPIN1bD is differentially expressed in maize vegetative
and reproductive tissues and during kernel development.
It plays a fundamental role in meristem function, indicat-
ing the involvement of internal tissues in organ position-
ing [50, 89]. Upregulation of ZmPINI1b has been shown
to promote the growth of both lateral and seminal roots,
as observed in this study [90]. A positive correlation
between auxin and ROS in orchestrating cell division and
regulating auxin flux through PIN proteins during root
development, as found in this study, was also demon-
strated by [91]. The auxin influx transporter LAX genes,
which are paralogs of AUX1I, are directly correlated with
the induction of lateral root emergence in Arabidopsis
thaliana [92]. Modulation of ZmLAX3 and other LAX
genes has been analyzed in corn under various abiotic
stresses [74]. Nevertheless, the role of this isoform in root
development has yet to be fully established.

HA also increased the transcription of two important
genes related to cell expansion, ZmEXP4 and ZmEXP9.
Both encode expansins, which are proteins involved in
loosening the bonds between cell wall polysaccharides
during the cell elongation process [93]. The mode of action
of HS is founded in the plasma membrane H*-ATPase
activation [30, 81], but remained to be shown if the pH
reduction on the apoplast resulting in cell wall loosen-
ing would affect the expansins. The genes ZmEXPA4 and
ZmEXPA9, along with ZmPIN1b and ZmLAX3, are asso-
ciated with apoplastic acidification resulting from auxin
signaling-mediated H* pumping and the activation of
plasma membrane H'-ATPase. We believe that the HA
transiently change the cell wall pH resulting in the wall
loosening by expansins (ZmEXPA4 and ZmEXPA9), that
requires auxin transporters transcription (ZmPIN1b and
ZmLAX3). The upregulation of these genes highlights the
role of auxin signaling in the HA-induced development of
more highly branched root systems.

Conclusions

The redox-associated enzymes NADH oxidase and
RBOH appear to play central roles in the mechanism of
HA action, which involves ROS, NO, and auxin signaling.
The HA-induced accumulation of ROS and NO is corre-
lated with the activation of the H* pump and modulation
of the auxin transport pathway, potentially promoting
root development through the acid growth process.
Consequently, HA-induced modifications in root archi-
tecture, potentially alongside direct effects on photobi-
ology, lead to increased lateral root formation and finer
root development. These architectural changes enhance
the plant’s foraging capacity, which can subsequently
improve nutrient uptake. The oxidative bursts induced by
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HA are counterbalanced by the activation of antioxidant
responses, suggesting that these organic compounds may
act as drivers of redox modulation. Furthermore, to com-
plete this scenario, bioactive components of HA, such
as small quinone-like compounds and flavonoid struc-
tures, are likely contributors to these processes. Further
research is needed to fully elucidate the effects of tem-
poral applications to both roots and leaves on nutrient
uptake and transport efficiency, as well as their broader
implications for crop yield and soil health.
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