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The bioactivity of humic acids (HA) is mainly due to the presence of auxin
analogs. In turn, nitric oxide (NO) production in plants affects root growth
and may result from endogenous auxin production or the application of syn-
thetic auxin analogs or HA. Nitric oxide signaling may be related to the bioac-
tivity of the HA. Although the auxin, NO, and ROS-mediated activity of HA
has been studied, no studies exist on their effects in Ocimum basilicum L.,
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commonly known as basil. A study under controlled in vitro conditions was
performed using hairy roots (hairy roots) of basil grown in medium with N-

NO; (0.5 or 5.0 mM) and subjected to treatments with HA (3 mMC-L™") or
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sodium nitroprusside (SNP; 100 pM), an NO donor, either without or with
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO;
200 uM), an NO scavenger. The addition of HA and SNP resulted in signifi-
cant increases in the root growth, associated with increased NO and reactive
oxygen species (ROS) contents. The application of the NO scavenger cPTIO
with the SNP and HA decreased the effects of both substances on the root
growth and endogenous levels of the NO and ROS. The increased root growth
promoted by the NO donor (SNP) and HA was also associated with increased

proton pump and catalase activity for both N- NO; levels tested. The results

showed that the effects of HA are dependent on NO and ROS, which act as
messengers, inducing root growth.
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1. Introduction

Plant adaptation and survival under adverse conditions may be directly related
to the ability of roots to respond to several factors, such as water, light, and nu-
trient availability. Regarding plant adaptation and survival, roots may adapt to
adverse conditions due to their high plasticity, being able to induce the initiation
of root primordia, resulting in the emission of lateral roots to better explore the
available environmental resources [1].

Nitrogen (N) is widely recognized as being an essential element for plant
growth [2]. In agricultural and aerobic soils, nitrate (NOJ ) is the main N source
and plays a crucial role in root growth [3]. Its uptake by roots depends on spe-
cific plasma membrane transporters, enzyme activity for N reduction and assi-
milation, and energy availability for both processes [4].

The cellular and molecular bases of the action of humic acids (HA) in plant
NO; uptake are not fully understood. However, studies indicate that HA sti-
mulate the activity and promote the synthesis of plasma membrane H*-ATPases,
having similar effects to auxin, a plant hormone that acts on the different path-
ways involved in plant development [5] [6]. Humic acids, together with humins
and fulvic acids, compose the humic substances (HS), which constitute the larg-
est part of soil organic matter [7]. Studies have confirmed the association of HS
with exogenous auxins, with both present in the environment, resulting in lateral
root induction [8].

The increased emission of absorbent hairs and lateral roots in response to HA
is usually related to interactions among HA, auxin, and nitric oxide (NO) [9]
[10] [11]. Nitric oxide plays a central role in the determination of the root mor-
phology and developmental pattern [11] [12] [13]. [14] used an NO scavenger to
prevent the formation of lateral and adventitious roots and root gravitropic re-
sponse, indicating an important role of endogenous NO in mediating these
processes.

Reactive oxygen species (ROS) production is traditionally considered part of
the oxidative burst under conditions detrimental to plants [15]. However, evi-
dence exists of specific roles of ROS in plant growth regulation and cellular sig-
naling [16] and root growth [17]. Nitric oxide has been observed to be involved
in HA-induced lateral root development and proton pump activation in corn
roots [5].

Several research groups currently study this subject, and although studies have
investigated the auxin-, NO-, and ROS-mediated activity of HA, no studies have
specifically focused on Ocimum basilicum L., commonly known as basil. In ad-

dition, the results reported concerning interactions among these compounds are
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controversial [9] [10] [11] [17] [18] [19]. Due to its diversified chemical profile
and chemical relevance, O. basilicum L. has been widely used in both the phar-
maceutical and the food and cosmetic industries [20].

The aim of the present study was to clarify the role of HA in root growth,
proton pump and catalase activity, and NO and ROS biosynthesis using the

transformed basil (Ocimum basilicum L.) roots in a closed system in vitro.

2. Materials and Methods
2.1. Hairy Root

Transgenic basil roots produced by [21] (in press) were used. Basil explants ori-
ginating from in vitro cultures were infected with laboratory-produced Agro-
bacterium rhizogenes strain R1601, containing gene npt II under the control of
the CaMV 35S promoter, obtained from the Federal University of Vigosa.

2.2. Extraction and Composition of Humic Acid (HA)

Humic substances (HA) were extracted as described by the International Humic
Substance Society [22], isolated from haplic histosols (located in Pinheiral, Rio
de Janeiro-Brazil), collected at 0.00 - 0.20 m depth. In brief, 10 volumes of 0.5 M
NaOH was mixed with one volume of soil under an N, atmosphere. After 12 h,
the suspension was centrifuged at 5,000 xg and acidified to pH 1.5 using 6 M HCIL.

Solubilization and precipitation of the HA were repeated three times, and the
last pellet was mixed with 10 volumes of a diluted mixture of HF-HCI solution (5
mL-L" HCl 12 M + 5 mL-L™" HF 48%, v/v). After centrifugation (5,000 xg) for 15
min, the sample was repeatedly washed with water until a negative test against
AgNO, was obtained, followed by dialysis against deionized water using a 12 - 14
kDa cutoff membrane (Thomas Scientific, Swedesboro, NJ, USA). The dialyzate
was lyophilized and characterized chemically, and the HA powder was solubi-
lized with 50 to 100 mL of 0.05 M NaOH, with the final pH being adjusted to 5.5
with 0.1 M HCL

The elemental composition was determined using a CHN Perkin-Elmer Auto
analyzer (Perkin-Elmer, Foster City, CA, USA). Total acidity (Ba(OH), method)
and carboxylic acidity (Ca(OAc), method) were determined, followed by poten-
tiometric titration. The E4/E6 ratios were determined by dissolving 1 mg of HA
in 5 mL of 0.05 M NaHCO;, with the final pH being adjusted to 8.3 with NaOH.
The absorbances at 465 nm and 665 nm were measured on a Shimadzu spectro-
photometer (Shimadzu, Kyoto, Japan). The ratio between these absorbances
corresponded to the E4/E6.

2.3. Plant Growth and Treatments

Thirty-five days after transplanting (DAT), the solution was changed, and the
hairy roots were placed in modified minimal medium (MM) without N- NO;
for 72 h to deplete the N inside the cells. Uniform 3-cm segments of hairy roots
were then transferred to Erlenmeyer flasks containing half-strength modified
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MM, with low (0.5 mM) or high (5 mM) N-NO, level; this medium was supple-
mented with HA (3 mMC) or sodium nitroprusside (SNP), an NO donor, both
without or with 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide (CPTIO; 200 uM), an NO scavenger.

Following treatment application, the roots were incubated for 5 days under
stirring at 90 rpm in the dark. After 5 days of incubation, root samples from the
different treatments were collected and used to determine the root growth and
nitrate reductase (NR), glutamine synthetase (GS), and catalase activity. N me-
tabolism was evaluated by quantifying soluble fractions (N- NO;, N- NH}, free
amino-N, and soluble sugars), proton pump activity, and NO and ROS endo-
genous production.

The roots were weighed for fresh weight, and a separate aliquot of 0.50 g was
used for the evaluation of catalase activity, which is expressed in moles of H,0,
(hydrogen peroxide) per min per mg™' protein™', and total protein, which is ex-
pressed as mg of protein g™ fresh weight. The dry weight of the roots, which
were dried in a forced circulation oven at 65°C, was also assessed. To measure
the lateral root density, seedlings (10 replicates in two independent experiments)
were harvested after 7 days of treatment, and the number of lateral roots (LRs)
per seedling and the length of the primary root were measured. The density of
the LRs along the primary root was calculated by dividing the number of LRs by
the primary root length and is expressed as the number of LRs per cm.

2.4. N Metabolism

Shoot and root samples (1 g fresh mass—FM) from the different treatments were
homogenized in 80% ethanol. After a chloroform partition had been performed
(Fernandes, 1984), the N-NO, [23], free amino-N [24], and N-NH; [25]

contents were determined in the resulting soluble fractions.

2.5. Determination of Soluble Sugars

Soluble sugars [26] were determined in 0.2-mL aliquots of alcoholic extract by
colorimetry in specific reaction medium. The reaction medium was prepared by
dilutinganthrone (0.4 g) in sulfuric acid: distilled water (5:2), where it was al-
lowed to stand for approximately 45 minutes before being used. The tubes were
cooled, and the absorbance of the reaction product was determined at 620 nm

and compared with a glucose standard.

2.6. Nitrate Reductase (NR) Activity, Glutamine Synthetase (GS)
Activity, and Catalase Activity

NR activity was determined according to the methodology in [27]. Samples of
root tissue (200 mg FM) were incubated in the dark in 5 mL of phosphate buffer
0.1 M pH 7.5, containing n-propanol at 2% and 0.02 M of KNO,, at 30°C in a
double-boiler for 60 min. After the incubation, 0.4-mL aliquots were extracted
from the incubation solution of each sample and stored; then, 0.3 mL of 1% sul-
fanilamide (m/v) and 0.3 mL of 0.02% (m/v) n-naphthyl-ethylene-diamine were
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added to these aliquots, followed by incubation for 20 min. After incubation, 4
mL of distilled water was added to the aliquots. Absorbance was measured with a
spectrophotometer at 540 nm, and the concentration of NO, was determined
using a standard NO, curve. In the calculation of the activity of this enzyme, it
was used quantities of NO, in reaction medium.

GS activity was determined according to the methodology described by [28].
Samples of root tissue (1 g FM) were macerated in liquid N,. Next, 8 mL of im-
idazole-HCI buffer pH 7.5, 0.1 M MgSO,, and mercaptoethanol were used to
homogenize the samples. Then, the homogenized samples were strained through
gauze, and the filtered samples were stored in centrifuge tubes immersed in an
ice bath. Afterwards, the samples were centrifuged at 15,000 xg for 15 min at
0°C, and the supernatant was collected and stored on ice.

For the reaction, 0.2 mL of 0.5 M imidazole-HCI buffer pH 7.5, 0.1 mL of 0.1
M mercaptoethanol, 0.1 mL of 0.4 M MgSO,, 1 mL of 0.1 M hydroxylamine pH
6.5, 0.1 mL of 0.1 M ATP, 0.1 mL of 0.5 M glutamate pH 7.5, 0.3 g of sample,
and 1.0 mL of distilled water were added. Afterwards, the samples were incu-
bated at 30°C for 30 min. Next, the reaction was interrupted by the addition of
1.5 mL of a solution consisting of iron chloride and trichloroacetic acid dissolved
in 0.5 M HCL The absorbance of the samples was measured at 540 nm using
y-glutamylmonohydroxamate as a standard. GS activity was expressed in m
moles of y-glutamylmonohydroxamate produced per minute per gram of FM.

Catalase activity was determined according the methodology described by
[29]. Samples of hairy roots (200 mg FM) from the different treatments were
macerated with liquid N,. A total of 2 mL of extraction solution, consisting of 0.1
m MEDTA in 0.1 M potassium phosphate buffer (pH 6.8) and containing 0.2%
m/v of PVPP (polyvinylpolypyrrolidone), was added, and the samples were
re-homogenized at 4°C. The homogenized material was centrifuged at 12,000 xg
for 15 minutes at 4°C, and the supernatant was used for enzyme evaluations and
protein quantification. Catalase activity was determined by adding 100 uL of
crude enzyme extract to 900 uL of reaction medium that consisted of 12.5 mM
H,0, in 50 mM potassium phosphate buffer (pH 7.0) at 30°C. Enzyme activity
was determined by the decrease in absorbance at 240 nm in the 2-min interval
after the beginning of the reaction; this absorbance was compared to the H,O,
standard. The calculation of the enzymatic activity was based on [30] using the

molar extinction coefficient of 36 M'.cm™.

2.7.Proton Pump Activities

The isolation of plasmalemma and tonoplast vesicles was performed according
to the methodologies proposed by [31], with some modifications.

Root samples (5 g FM) were macerated at 4°C with 10 to 20 mL of the extrac-
tion medium containing the following: 50 mM Tris-HCl (pH 8.0), 250 mM su-
crose, 100 mL-L™" glycerol, 150 mM potassium iodide (KI), 100 mM choline
chloride, 2 mM ethylene glycol tetraacetic acid (EGTA), 2 mM ethylenediami-
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netetraacetic acid (EDTA), 10 gL' polyvinylpolypyrrolidone (PVP), 1 mM
phenylmethylsulfonyl fluoride (PMSF), 5 mM dithiothreitol (DTT), 5 mM
2-mercaptoethanol, and 5 g-L™" of albumin. The homogenate was filtered with
four layers of gauze and then centrifuged at 3,600 xg for 10 min at 4°C. The su-
pernatant was collected and centrifuged again at 8,000 xg for 10 min. The su-
pernatant was recollected and recentrifuged at 105,000 g for 40 min. The result-
ing supernatant was discarded, and the precipitate was resuspended with 2 mL
of a medium containing 30 mM Tris-HCI (pH 7.5), 150 mL-L™" glycerol, 1 mM
EGTA, 1 mM EDTA, 2 mM MgCl,, 2 mM DTT, and 1 mM PMSEF. The resulting
sample was then placed on a sucrose gradient of 430 g-L™'/300 g-L"'/100 g-L™*
and centrifuged at 105,000 xg for 2 h at 4°C. The plasmalemma and tonoplast
vesicles were separated by flotation density, forming bands that could be col-
lected and diluted in suspension medium in a 2:1 proportion (medium:band).
These separate fractions were subjected to a 105,000 xg centrifugation for 40 min
at 4°C. The supernatant was discarded, and the precipitate was resuspended in 1
mL of suspension medium. Proteins were frozen in liquid N, and stored at
—25°C for subsequent analysis. The protein concentration was determined ac-
cording to [32], using bovine serum albumin as a standard.

The activity of the proton pumps plasmatic membrane P-H'-ATPases,
V-H"-ATPases and H'-PPases was determined by the quantification of inorganic
phosphate (Pi) liberated by ATP (P and V-H*-ATPase) and PPi (H*-PPase) hy-
drolysis. The reaction medium for the P-H'-ATPase consisted of 30 mM
MOPS-BTP (pH 6.5), 5 mM MgSO,, 50 mMKCI 50, 1 mM Na,MoO,, 0.2 mL-L™"
of Triton X-100, 50 mM KNO,, 1 mM NaN,, and 5 mM ATP. The reaction me-
dium for the V-H*-ATPases consisted of 30 mM HEPES-BTP (pH 7.5), 5 mM
MgSO,, 50 mM KCI, 1 mM Na,MoO,, 0.2 mM Triton X-100, 0.2 mM Na,;VO,, 1
mM NaN;, and 5 mM ATP. The reaction medium for H*-PPase consisted of 30
mM HEPES-BTP (pH 7.2), 5 mM MgSO,, 100 mMKCI, 0.2 mL-L™" of Triton
X-100, 1 mM NaN,, and 1 mM PPi. For all proton pumps, the reaction was
started by adding 4 pg protein/mL of medium. After 30 min at 30°C, the reac-
tion was stopped by adding 0.5 mL of the abovementioned reaction medium
plus 1 mL of stop medium containing 20 mL-L™' H,SO,, 50 g-.L"* SDS, and 7 g-L™
(NH,),Mo00,, which had been previously stored in an ice bath (4°C). Then, 50
L of 100 g-L™" ascorbic acid was added. After 10 min, 1.45 mL of medium con-
taining 40 g-L™' of sodium citrate and 20 g-L™" of glacial acetic acid was added to
prevent the measurement of phosphate (Pi) released by the residual activity of
H'-ATPases and acid hydrolysis of ATP. The color was completely developed

after 30 min, and the spectrophotometric reading was carried out at 820 nm.

2.8. NO and Oxygen-Reactive Species (ROS) Production

To visualize NO and ROS production in vivo, segments of root apices were iso-
lated and placed in 12-well culture plates (four segments/well) that contained
different treatments with HA (3 mM carbon) and SNP (100 uM), either com-
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bined or not with cPTIO (200 uM), in 0.1 mM HEPES-KOH buffer. After 5 days
of incubation, the endogenous production of NO and ROS in these different
treatments was evaluated.

For NO, the samples of the transformed basil roots were treated with 10 pM of
the fluorescent probe 4,5-diaminofluorescein diacetate (DAF-FM-DA; Calbio-
chem), which is an NO probe permeable to the plasma membrane, according to
the description by [33]. The samples remained incubated in the different
HEPES-KOH buffer treatments for 2 h at 25°C, agitated at 90 rpm in the dark.
Negative control was conducted by incubating the roots with the NO scavenger
cPTIO (2-(4-carboxyphenyl)-4, 4, 5, 5-tetramethylimidazoline-1-oxyl-3-oxide)
(Sigma-Aldrich) and with no labeling probe. Next, the roots were washed three
times with the respective incubation medium, and slides were prepared for their
visualization with an Axioplan fluorescence microscope (Carl Zeiss, Jena, Ger-
many), which was adapted with a digital camera (AxioCam MRc5) and AxioVi-
sionLE software v4.8 (Carl Zeiss, Jena, Germany). The following filters were
used for the DAF-FM-DA probe: an excitation wavelength at 495 nm and an
emission wavelength at 515 nm. The fluorescence intensity of the individual root
apices was determined using the AxioVisionLE software v4.8 (Carl Zeiss, Jena,
Germany), and the data are presented as the number of pixels per area (um?).

ROS analyses were performed according to [33]. Samples of the transformed
basil roots were treated with 15 uM of the fluorescent probe 2’,
7’-dichlorodihydrofluorescein diacetate (H,DCFDA; Calbiochem), an indicator
of the ROS permeable to the plasma membrane. The H,DCFDA was dissolved in
DMSO to a final concentration of 0.1% (v/v). The samples were incubated in
their respective treatments in HEPES-KOH buffer for 2 h at 25°C and agitated at
90 rpm in the dark. The hairy roots without labeling probe were incubated as a
negative control. At the end of the 2-h incubation, the roots were washed three
times with their respective incubation media, and slides were prepared for their
visualization in an Axioplan fluorescence microscope (Carl Zeiss, Jena, Germa-
ny), adapted with a digital camera (AxioCam MRc5) and AxioVisionLE software
v4.8 (Carl Zeiss, Jena, Germany). For the H,DCFDA probe, the following filters
were used: excitation wavelength at 495 nm and emission at 515 nm. The fluo-
rescence intensity of the root apices was determined using the AxioVisionLE
software v4.8 (Carl Zeiss, Jena, Germany), and the data are presented as the

number of pixels per area (um?).

2.9. Statistical Analysis

The data were analyzed by performing an ANOVA and the Scott-Knot test to
determine the differences between treatments and controls (P < 0.05 was consi-

dered statistically significant).

3. Results

The growth rates of the hairy roots of basil increased 210% and 180% for the HA
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treatment and 200% and 150% for the SNP treatment with 0.5 and 5.0 mM N-
NO;, respectively (Figure 1). Increases in root size were observed for both the
treatments with HA and SNP, even when tested with the lower N- NO; supply,
indicating that the association of NO donor may activate a cascade of biochemi-
cal events related to cell growth, culminating in the induction of root morpho-
genesis.

At high N-NO; concentrations, the treatments with HA and SNP had NR
activity was higher for the Control and HA treatments (Figure 2(a)). By con-
trast, with 5.0 mM N- NOjJ, the SNP treatment resulted in a decrease in NR ac-
tivity with the high N- NO; supply. This result may have been due to the NR
inhibition at high N- NO; concentrations in the presence of the NO donor. One
of the pathways of the NO formation in plants is dependent on NO, formation
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Figure 1. Relative root length (%) (a) and lateral root density of transformed basil roots
on the 5th day of incubation for the Control (without HA or SNP); treatment with HA—
humic acid extracted from haplic histosols (3 mM Carbon L™); and treatment with SNP—
sodium nitroprusside, as an NO donor (100 uM SNP) applied in low (0.5 mM) and high
(5.0 mM) doses of N- NO; . The same uppercase letter between the N- NO; doses and
the same lowercase letter within the N- NO; doses do not differ among themselves ac-

cording to the Scott-Knot test (P < 0.05). Vertical bars indicate standard error (n = 4).
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L™"); and treatment with SNP - sodium nitroprusside as an NO donor (100 uM SNP), ap-
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resulting from NR activity. Therefore, the application of high N- NO; concen-
trations likely resulted in NO formation. The addition of exogenous NO, via the
NO donor SNP, together with endogenous NO production, may have promoted
NO accumulation, causing NR inhibition, which decreased the internal NO
concentrations. With the lower N- NO; supply, no significant differences in the
NR activity were observed between the HA and SNP treatments.

Both the HA and SNP treatments resulted in increased root GS activity com-
pared to the control, increasing it by approximately 40% (Figure 2(b)). Five
days after the beginning of the experiment, GS activity was higher for the low
than for the high N- NO; supply.

Both the HA and SNP treatments resulted in increased catalase activity, espe-
cially with the lower N- NO; supply (Figure 2(c)). Two possible explanations
exist for this result, both related to the limited amount of N in the culture me-
dium (0.5 mM N- NO;3 ). The first is that the production of ROS, such as H,0,, is
a stress signal in response to the low N- NO; levels in the culture medium. The
second is that the H,0O, produced has an important physiological function, espe-
cially in the oxidative metabolism of the cell wall. This occurs because the ROS
signaling activates enzymes that promote cell wall loosening, acting on plant cell
growth. Catalase activity is therefore an indicator of root cell differentiation and
growth processes.

The NO; concentrations were significantly higher for the HA and SNP treat-

ments than for the control (Table 1) and were lower after 5 days of incubation,

Table 1. Nitrate (N- NO; ), Ammonium (N- NH; ), soluble sugar, and free amino-n con-
tent in hairy basil roots on the 5th day of incubation after application of treatments, for
the Control (without HA or SNP); treatment with HA—humic acid extracted from hap-
lichistosols (3 mM Carbon L™); and treatment with SNP—sodium nitroprusside, as an
NO donor (100 uM SNP), applied in low (0.5 mM) and high (5.0 mM) doses of N- NO; .

N- NO; N- NHj

N- NO; in culture media

Low High Low High

Control 0.6 Bb 1.0 Ab 1.0 Ab 1.2 Ab
HA 1.4 Aa 1.5 Aa 1.8 Aa 1.9 Aa
SNP 1.3 Aa 1.3 Aa 1.7 Ba 2.0 Aa

Soluble sugars Free amino-N

N- NO; in culture media

Low High Low High

Control 17.2 Ba 23.1 Ab 6.5 Bb 7.6 Aa
HA 24.1 Ba 304 Aa 8.2 Aa 6.4 Bb
SNP 22.1 Bb 28.7 Aa 8.0 Aa 8.0 Aa

The same uppercase letter between the N- NO; doses and the same lowercase letter within the N- NO;

doses do not differ among themselves according to the Scott-Knot test (P < 0.05).
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showing higher NO; uptake in the first few days following N being supplied.
No significant differences were observed between the HA and SNP treatments.
Ammonium contents were higher for the HA and SNP treatments than for the
control.

Soluble sugar levels are indicators of the intensity of the root metabolic activi-
ty. Soluble sugar concentrations were lower with the low than with high N- NOJ
supply (Table 1). Soluble sugar contents were higher for the HA and SNP treat-
ments than for the control, showing that soluble sugars may provide energy for
growth and nutrient uptake in transformed basil roots.

Free amino-N concentrations were higher for the HA and SNP treatments
than for the control (Table 1). The N- NO; supply increased the plant N con-
tents in the plant, leading to increased free amino-N contents via the action of
N-assimilating enzymes. Even with low N- NO; supply, the levels of amino-N
did not decrease significantly, indicating that the plants were remobilizing the
NO; accumulated in the vacuoles in order to maintain metabolic homeostasis.
Aminoacids act as indirect regulators of NR activity, which may be related to
their ability to change the NO; distribution in cellular pools, interfering with
enzymatic activation [34]. The increase in aminoacid concentrations in the me-
dium may have inhibited the NR activity in the high NO; + SNP treatment
(Figure 2(a)).

Proton pumps in the transformed basil roots were positively modulated by the
HA and SNP addition (Figure 3). The HA and SNP treatments had a positive
effect on the activity of the plasma membrane P-type (Figure 3(a)) and V-type
H'-ATPases (Figure 3(b)), with both N- NO; levels tested. Vacuolar H™-ATPase
(V-type) activity was higher for the HA and SNP treatments with low than with
high NO; supply (Figure 3(b)). This higher activity may be related to the N-
NO; storage (for later use) in cellular compartments such as vacuoles, due to
the low N- NO; concentration in the culture medium. The activity of proton
pyrophosphatases (H*-PPases) was also stimulated in treatments with the HA
and SNP additions, with both NO; levels. The high H"-PPases activity after 5
days of incubation indicates that growth was more active during the first few
days, with the formation of new tissue and continuous PPi production because
PPi is an inexpensive energy source that can be used in vacuole acidification,
acting on the control of vacuole membrane homeostasis. In addition, H"-PPases
activity in cells undergoing growth helps conserve ATP, which is the energy
currency of cells.

The effect of the tested treatments on in vivo NO histolocalization in the
transformed basil roots is presented in Figure 4. Endogenous NO fluorescence
was observed with both N- NO; levels. Application of HA and SNP increased
fluorescence emission, resulting in increases of approximately 250% and 150%,
respectively, with the lower N- NO; supply, and 200% and 100% with the high-
er N-NO; supply compared to the control. Application of the NO scavenger
(cPTIO) resulted in a 230% decrease in fluorescence emission for the HA treat-
ment and al 40% decrease for the SNP treatment (a decrease of 180% and 120%
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Figure 3. Activities of H*-ATPases P (a) and V-type (b) and H*-PPase (c) in basil hairy
roots on the 5" day of incubation in the Control (without HA or SNP); treatment with
HA—humic acid extracted from haplichistosols (3 mM Carbon L™'); and treatment with
SNP—sodium nitroprusside, as an NO donor (100 uM SNP) applied in low (0.5 mM) and
high (5.0 mM) doses of N- NO; . The same uppercase letter between the N- NO; dose
and the same lowercase letter within the N- NO; dose do not differ among themselves

according to the Scott-Knot test (P < 0.05). Vertical bars indicate standard error (n = 4).
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Figure 4. Effect of incubation with humic acid (HA), extracted from a haplic histosols (3
mMC L), or with SNP (NO donor; 100 uM SNP L' solution) on endogenous NO levels
in root tips of hairy basil roots. Roots were grown with low (0.5 mM) or high N- NO;
supply (5.0 mM) for 5 days, with or without cPTIO (NO scavenger). (a) Bright field and
dark field microscopy images obtained using a fluorescence microscope and the fluores-
cent probe DAF-FM-DA, specific for NO. Bar = 200 pum (red line in each figure). (b) Rel-
ative Fluorescence Intensity in root tips, expressed as relative number of pixels. In Figure
B, the same upper case letter between the presence and absence of cPTIO in the N- NO;
dose and the same lower case letter within the N- NO; dose do not differ among themselves
according to the Scott Knot test (P < 0.05). Vertical bars indicate standard error (n = 6).
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compared to the HA and SNP treatments without cPTIO). With higher N- NO;
supply, cPTIO sequestered NO more efficiently in the presence of HA and SNP
compared to the control + cPTIO treatment, resulting in a 10% increase in fluo-
rescence emission. With lower N- NOJ supply, the amount of ¢cPTIO applied
was not sufficient to sequester all the NO produced in hairy roots, resulting in an
increase in fluorescence emission of170%for the HA + cPTIO treatment and
100% for the SNP + cPTIO treatment compared to the control.

Bright field microscopy showed differences in the root tip pattern. Dark-field
light microscopy showed differences in the pattern of root tip development.
Roots from the HA treatments were lighter and those from the SNP treatments
were slightly lighter than roots from the control, under both the low and high N-
NO; supply (Figure 4(a)).

The effect of the HA and SNP treatments at low or high N- NO; supply on in
vivo ROS histolocalization in the transformed basil roots is presented in Figure
5. The HA and SNP treatments resulted in significant increases in fluorescence
emission, indicating increased ROS levels compared to the control, with both N-
NO; levels tested. The fluorescence response pattern was similar under both N-
NO; levels but was less pronounced with the higher than with the lower N-
NO; supply.

4. Discussion

A positive effect of both HA and SNP on the root growth of basil was observed
in culture medium with different N- NO; concentrations (Figure 1). HA pos-
sess bioactive molecules, auxin analogs, that may be weakly bound to the HS su-
prastructure and are released into the soil solution and made available for plant
uptake by simple pH variations at the root interface, resulting from organic aci-
dexudation [35]. HA and their hydrophobic domains may therefore act as a pool
of chemical compounds that can promote the release of certain components,
depending on the chemical signaling between plants and their growth environ-
ment. This interaction results in physicochemical changes to the external root
environment, promoting structural changes to the HA suprastructural particles.
These changes can apparently generate low-molecular-weight subunits/fragments
such as auxins, which can potentially induce changes in plant cell metabolism.
Auxins have been suggested to act on root development [6] and are present in
soil organic matter [8]. Auxin signaling leads to pericycle cell division, with the
formation of mitotic sites, which are lateral root precursors [36].

Root growth and development are highly responsive to nutrient availability
[37] and inorganic N accessibility and input; N sources such as NH,, NOj,
and NO should therefore be highlighted [38]. In the present study, induction of
the root growth by NO; and NO was observed (Figure 1). In contrast to a
previous report [39], the HA treatment with the low N- NO; supply resulted in
increased root size compared to the remaining treatments, indicating that this

combination may activate a cascade of biochemical events culminating in root
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Figure 5. Effect of incubation with humic acid (HA), extracted from a haplic histosols (3
mM C L), or with SNP (NO donor; 100 uM SNP L' solution) on endogenous ROS le-
vels in the root tips of the hairy basil roots. Roots were grown with low (0.5 mM) or high
N-NO; supply (5.0 mM) for 5 days, with or without cPTIO (NO scavenger). (a) Bright
field and dark field microscopy images obtained using a fluorescence microscope and the
fluorescent probe H,DCFDA, specific for H,0,. Bar = 200 um. (b) Relative Fluorescence
Intensity in the root tips, expressed as the relative number of pixels. In (b), the same up-

per case letter indicates no significant differences between different N- NO; levels, and
lower case letters within the same N- NO; supply, according to the Scott Knot test (P <
0.05). Vertical bars indicate standard errors (n = 6).

growth promotion. Similar behavior was observed for the NO treatment. The
NO; signaling pathways, which stimulate lateral root (LR) elongation under
mild N deficiency, involve the gene expression of key transporters and enzymes
[40]. In a study of expression of specific genes by RNA-Seq, nitrate was observed
to trigger lateral root initiation in corn roots through auxin regulation of the cell
cycle [40] [41].

The NOj signaling dynamics on soil-plant systems were discussed by [12],

who reported evidence of external NO; sensing by roots, modulating the ex-
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pression of key proteins involved in N metabolism, such as NR. NR is a very
important enzyme because it is responsible for a key step in the N assimilation
pathway, converting NO; into NO; [42]. In addition, NR is considered the
main NO source under conditions of high NO; influx into the roots [13],
leading to increased NO; concentrations in cells, where it is quickly converted
into nitrite, which accumulates, shifting the reaction equilibrium towards NO
production. In the present study, the HA treatment had a positive effect on NR
activity (Figure 2(a)). SNP addition resulted in similar responses to the HA
treatments, except for the lower NR activity with the higher N- NO; supply ob-
served with SNP addition. This finding indicates a regulatory role of NO on NR
activity, which depended on the N- NO; level in the culture medium.

Taken together, the soluble fraction concentrations and the NR and GS activ-
ity results were expressed 5 days after the beginning of the experiment. This may
have been due to higher initial stimulation by the HA and SNP. GS is a limiting
enzyme for plant growth and N use [43] because it is one of the key enzymes re-
sponsible for N- NH, assimilation. In the present study, high GS activity was
observed on both evaluations (Figure 2(b)). This may have been related to
changes in the cell metabolism triggered by NO; signaling [39].

In the present study, the HA and SNP treatments were observed to affect the
evaluated parameters, under both N- NO; levels tested, with a positive effect on
N metabolism. This was evaluated by determining the N- NO;, N-NH; , and
free amino-N concentrations (Table 1) and the proton pump activity (P-H*-
ATPases, V-H"-ATPases, and H*-PPases; Figure 3), in the transformed basil
roots.

N-NOj influx is an active process that depends on the proton gradients gen-
erated by H"™-ATPases and is catalyzed by a combination of a high-affinity
(HATS) and a low affinity transport system (LATS). Cells may invest approx-
imately 50% of their energy reserves on maintaining the ion gradients across the
cell membranes [44]. Decreases in the N- NO; levels may therefore result in
decreased energy consumption, resulting in the accumulation of soluble sugars,
which was observed after 5 days of incubation (Table 1). The HATS is activated
when the external NO; concentrations are under 0.5 mM, and they are nega-
tive-feedback regulated by NO; assimilation products. A pronounced decrease
in NO; under these conditions may therefore result in low NO; uptake effi-
ciency atlow NO; concentrations.

The present results indicate that part of the N- NO; taken was reduced into
N- NH; , and the excess N- NO; was stored in vacuoles. NR activity reflects the
circulation of N- NO; in the cytosol, which was not affected by the N- NO;
accumulated in the vacuoles [45]. Therefore, independently of the N- NOj
concentrations in the medium, N- NOJ concentrations in the cytosol were simi-
lar under both N- NO; levels tested, and the excess N- NO; taken was stored in
vacuoles (Table 1), depending on proton gradient generation by H*-ATPases.

In the present study, high N- NH, concentrations and GS activity were ob-
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served in the tissues of transformed basil roots (Table 1), indicating that during
the first few days of incubation, a high demand of N- NH, for incorporation
into aminoacids and synthesis of the necessary protein for biosynthesis was ob-
served. N- NH; is used for synthesis of glutamine and glutamate, which serve
as nitrogen donors for biosynthesis. N- NH assimilation may occur via two
pathways. The main pathway involves two enzymes GS and glutamate synthase
(GOGAT) and the second the enzyme glutamate dehydrogenase (GDH). High
free amino-N concentrations (Table 1) may have also contributed to the N-
NO; accumulation in root tissues, since studies have shown that NO; and its
reduction products affect N- NO; uptake and reduction.

In the present study, HA and SNP application significantly increased plasma
membrane (PM) ATPase activity compared to the controls under both N- NOJ
levels tested. Similar behavior was observed for the roots treated with HA or
SNP, suggesting that the HA action mechanism depends on auxin signaling
pathways. Growth induction and mitotic site promotion (Figure 1(a) and Fig-
ure 1(b), respectively) seem to be related to proton pump activation (Figure 3),
stimulated by the endogenous NO production induced by HA (Figure 4 and
Figure 5). Studies have shown that the over expression of H'-PPase sincrease-
sapoplastic acidification, increasing the H*-ATPase activity at the plasma mem-
brane and resulting in higher auxin transport, related to an increased number of
root primordia and cell differentiation [46]. In the present study, the application
of HA and SNP increased the H'-PPase activity, in agreement with [5].

Considering what was discussed above, and accepting the role of NO on root
growth promotion [11] [12] [13], the present results indicate that HA addition
promoted an increase in NO levels. This process was analyzed by fluorescence
microscopy (Figure 4 and Figure 5), and similar responses to those previously
observed for the addition of auxin were found [14]. This result agrees with [5],
who observed increased NO levels in corn roots in response to the HA addition.

HA and SNP application caused increases in root growth, and partially re-
verted the root growth inhibition caused by the higher N- NO; supply. This
finding indicates that endogenous NO levels (Figure 4) may decrease when
roots are grown under high N- NO; concentrations (Table 1) and that the ap-
plication of HA and SNP may reverse this response. These results indicate that
root lignification was higher for the control and SNP treatments than for the HA
treatment, since HA presents auxinic activity and could act on root cell elongation.
Treatments with the NO scavenger PTIO showed a different root tip pattern,
forming cell clusters, suggesting that cells were prevented from growing, and
showing darker color (Figure 4(a)). Based on the discussed results, NO was in-
volved in the root growth, activating enzymes such as proton pumps and pro-
moting the N- NO; uptake induced by HA.

ROS are considered part of the plant oxidative burst under detrimental condi-
tions [7]. However, recent evidence has shown that they play specific roles in
plant growth regulation and cell signaling [7] [47]. The HA and SNP treatments
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increased ROS emission (Figure 5). [47] proposed that the ROS H,O, could
react to form hydroxylradicals in the apoplast and be responsible for polysaccha-
ride cleavage, resulting in cell wall loosening. ROS accumulation is known to be
required for root growth, functioning as secondary messengers in hormone sig-
naling. Studies have indicated that ROS are sensitive to the N supply, especially
H,0,, which is involved in the root growth that depends on the N- NO; levels
[10]. The H,0, produced in cells plays an important physiological role, especial-
ly on cell wall oxidative metabolism, because it signals the activity of enzymes
that promote cell wall loosening, such as cellulases, hemicellulases, glucanases,
and pectinases, acting on plant cell growth [48]. Regarding the effect of H,O,
accumulation, studies have shown that catalase activity may be correlated with
the H,O, levels inside cells, since it catalyzes the dismutation of H,0O, to O, and
H,O. Catalase activity therefore indicates root cell differentiation and growth. In
the present study, high catalase activity was observed (Figure 2(c)), being more
significant with low N- NOj .

[49] evaluated the effect of the NO; supply on corn root growth and ob-
served decreased H,O, levels with increasing NO; levels and significantly low-
er root growth with decreased H,0,, indicating that ROS are needed for root
growth promotion and that the NO; supply affects this process. The HA and
SNP treatments increased ROS emission (Figure 5). This increase may have
stimulated the expression of catalase, resulting in increased catalase activity to
decrease the oxidative effects of the ROS. The observed significant correlation (r
= +0.91) between the catalase activity and ROS fluorescence emission supports
the hypothesis that the catalase was acting to decrease the ROS oxidative effects
during root growth.

Root growth (Figure 1), together with the ROS production observed for the
HA and SNP treatments (Figure 5), indicate an essential role of ROS in pro-
moting root growth, since they are responsible for polysaccharide cleavage, re-
sulting in cell wall loosening and enlargement. The cell wall is a dynamic ana-
tomical structure, with an important role on cell growth regulation [50]. Meta-
bolism of ROS plays a decisive role in cell differentiation and development.
Therefore, the H,O, resulting from oxidative unbalance may act as a secondary
messenger, inducing the expression of some genes responsible for the induction
of morphogenetic processes. Considering the present results, it is proposed that
the mechanism of HA action on root growth is mediated by NO and ROS pro-
duction, which may act as secondary messengers, activating the genes responsi-
ble for cell growth.

5. Conclusion

HA resulted in a significant increase in root growth in basil, in association with
increased NO and ROS contents. NO acted on the activation of enzymes such as
the proton pumps and promoted N- NO; uptake. HA had a positive effect on
NR activity, which was regulated by NO and the N- NO; level in the culture
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medium. HA and SNP increased the soluble sugar contents and N metabolism,
as indicated by the soluble fractions (N- NO;, N- NH; , and free amino-N con-
tents). High N-NH; contents and GS activity were observed in the trans-
formed basil roots. In contrast to reports for other species, root growth increased
with low N-NO; supply and HA application. Further studies focusing on the
gene expression of key proteins responsive to HA, NO, and ROS signaling in

Ocimum basilicum L. would be of interest.
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