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Chemical reactions (hydrolysis, oxidation, reduction, methylation, alkyl compounds detachment) were
applied to modify the structure of humic substances (HS) isolated from vermicompost. Structural and
conformational changes of these humic derivatives were assessed by elemental analyses, size
exclusion chromatography (HPSEC), solid-state nuclear magnetic resonance (‘*C CPMAS-NMR),
and diffusion ordered spectroscopy (DOSY-NMR), whereas their bioactivity was evaluated by changes
in root architecture and proton pump activation of tomato and maize. All humic derivatives exhibited a
large bioactivity compared to original HS, both KMnOy-oxidized and methylated materials being the
most effective. Whereas no general relationship was found between bioactivity and humic molecular
sizes, the hydrophobicity index was significanty related with proton pump stimulation. It is suggested
that the hydrophobic domain can preserve bioactive molecules such as auxins in the humic matter. In
contact with root-exuded organic acids the hydrophobic weak forces could be disrupted, releasing
bioactive compounds from humic aggregates. These findings were further supported by the fact that
HS and all derivatives used in this study activated the auxin synthetic reporter DR5::GUS.

KEYWORDS: Structural—activity relationship; size exclusion chromatography; NMR spectroscopy;
chemical modification; plant biostimulation

INTRODUCTION

The application of products derived from humic substances
(HS) at low concentration on crop plants and their potential to
act as plant growth promoters have been creating increased
interest among farmers. However, there is little information
about the mechanisms by which HS influence biological activities
in plants. The intrinsic complexity of HS means that the relation-
ships between structure and activity follow a nonlinear trend.
Understanding it became a central task in enhancing the efficient
use and development of new generations of organic inputs based
on humic technology. Evidence of the physiological mechanism
through which HS exert their effects may depend on hormones
and, in particular, on the presence of auxin or auxin-like compo-
nents in their structure (/). It would be expected that low
molecular weight HS can access more easily cell receptors on
membranes. However, it was previously verified that a wide range

and induces plasma membrane (PM) H"-ATPase activity (2). A
significant relationship between the hydrophobic character of
humic acids isolated from different soils and enhanced PM H*-
ATPase expression in maize seedlings has been reported (3, 4).
The increase in activity of PM H-ATPase is in line with the acid
growth mechanism (5). It was previously postulated that hydro-
phobic humic components derived from plant degradation and
microbial activity are able to randomly incorporate more polar
molecules and hence protect them against degradation (6). The
process of molecular trapping into humic hydrophobic domains
suggests that the more hydrophobic the humic acids (HA), the
larger the potential hydrophobic incorporation of bioactive
molecules, whereas the larger the chemical diversity of such
bioactive molecules, the more diverse their bioactivity.
Chemical modification of humic substances has been widely
used as a tool to understand their chemical structure (7—10).

of molecular weight distribution of humic fractions, obtained by
size exclusion chromatography, induces lateral root emergence
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Studies of chemical transformation of HS followed by biomoni-
toring can provide new insights on humus bioactivity.

The aim of this study was to evaluate the influence of chemical
modifications of humic structure on root stimulation. The HS
were evaluated by elemental composition, HPSEC, CP-MAS "*C
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NMR, and DOSY 'H NMR spectroscopies, and their bioactiv-
ities were monitored by following the morphological and bio-
chemical traits of Arabidopsis (Arabidopsis thaliana Heynh),
tomato (Solanum lycopersicum L.), and maize (Zea mays L.).

MATERIALS AND METHODS

Vermicompost Production. A vermicompost was obtained from a
mixture of plant residues of guinea grass (Panicum maximun Jacq.) and
cattle manure 5:1 (v/v). The organic residues were mixed, and earthworms
(Eisenia fetida Sav.) were added at a ratio of 5 kg/m> of organic residue.
The organic matter composition of the resulting vermicompost was pH
6.5, 134 g/kg organic carbon, 13.3 g/kg nitrogen, 10:1 C/N ratio, and
16.4 g/kg HA.

Extraction and Purification of HS. HS from vermicompost were
extracted using 0.5 M NaOH. After 24 h under N, atmosphere, the
suspension was centrifuged and the insoluble residue separated. The
supernatant pH was then adjusted to pH 3 with 6 M HCI, the resulting
solution passed through a XAD-8 column, and the adsorbed material
eluted out with 0.1 M NaOH. The eluted solution was adjusted to pH 7
with I M HCI and freeze-dried. The HS were redissolved in a reduced
volume of distilled water and dialyzed (14 kDa MW cutoff) against
deionized water. After dialysis, the HS were freeze-dried again before
being chemically derivatized.

Humic Derivatization. Acidic Oxidation with KMnO, (DI). The
oxidation reaction was carried out in 20 mL of a 10 mM KMnO, and
0.25 M H,SOy4 solution. Three hundred milligrams of HS was oxidized for
1 hat45°Cunder stirring and N, atmosphere. Then, the resulting oxidized
derivative was abundantly washed with deionized water until it reached a
neutral pH and was freeze-dried.

Basic Oxidation with KMnO, (D2). Oxidation was carried out in 20 mL
of a 10 mM KMnO, and 0.5 M KOH solution (§). Three hundred
milligrams of HS was oxidized for 1 h at 45 °C under stirring and N,
atmosphere. The resulting oxidized derivative was then dialyzed (3.5 kDa
MW cutoff) against deionized water and freeze-dried.

Reduction with Sodium Borohydride (D3). The reaction was applied to
300 mg of HS using 400 mg of NaBH, dissolved in 50 mL of a 0.1 M NaOH
solution (/0). The reaction was allowed to proceed for 2 h under N,
atmosphere. Subsequently, the solution containing the dissolved products
was adjusted to pH 6.5 with 6 M HCI, dialyzed (3.5 kDa MW cutoff)
against deionized water, and freeze-dried.

Alkaline Methanolic Hydrolysis (D4). The HS (300 mg) were placed in a
three-neck round flask and hydrolyzed for 1 h under reflux at 75 °C with 20
mL of a 1 M KOH—CH3;O0H solution under inert N, atmosphere (/7).
After recovery of the supernatant by centrifugation (15 min, 5000g) and
filtration, the residue was again refluxed twice with 20 mL of CH;0H for
30 min. The combined methanolic extracts were concentrated by rotoe-
vaporation, acidified to pH 5 with 3 M HCl solution, and transferred into a
separation funnel with 30 mL of deionized water. The released organic
compounds were finally extracted with 30 mL of chloroform. The organic
phase was concentrated, dehydrated with anhydrous Na,SO,, and eva-
porated at reduced pressure for further analysis. The hydrolyzed derivative
was abundantly washed with deionized water and freeze-dried.

Acid Hydrolysis with H,SO, (D5). The HS (300 mg) were hydrolyzed
under reflux at 60 °C for 2 h with 25 mL of a 2 M H,SO, solution (12). The
suspension was filtered, and the hydrolyzed derivative was abundantly
washed with deionized water and freeze-dried.

Acid Hydrolysis by Dioxane in 2 M HCI (D6). The HS (300 mg) were
submitted to acidolysis with 20 mL of a dioxane solution containing 2 M
HCI for 30 min under reflux at 60 °C and N, atmosphere (13). After
recovery of supernatant by centrifugation (30 min, 6500g), the residue was
washed three times with 10 mL of dioxane. The hydrolyzed derivative was
washed abundantly with water and freeze-dried.

Extraction of Free Lipids (D7). Free and unbound alkyl components
were extracted by shaking HS (300 mg) for 2 h at room temperature with a
15 mL solution of dichloromethane/methanol (2:1, v/v) (/1). This extrac-
tion was repeated once more. The extracts were separated from residue by
centrifugation (15 mim, 5000g) in Teflon tubes, and the supernatants were
combined and dried by rotoevaporation supplemented with a minimum
amount of dichloromethane/methanol for further analysis. The resulting
humic derivative was freeze-dried.
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Methylation (D8). Methylation was obtained by reaction with methyl
iodide through a phase-transfer catalysis (/4). The humic sample (300 mg)
was suspended in 15 mL of tetrabutylammonium bromide ([(CHs-
(CH»)3]4sNBr) 20% in 1 M KOH. Twenty milliliters of tetrahydrofuran
(THF) was then added to the suspension and stirred for 2 h at room
temperature to ensure complete neutralization of acid protons and, hence,
dissolution of HS in the alkaline [(CH3(CH,);]4NBr. The methyl iodide
alkyl halide was then added to the solution in approximately 5% molar
excess (0.4 mL) relative to the molar content of acidic protons in HS. The
reaction mixture was stirred overnight and then treated with 1 M HCl to
adjust the pH to 7. The alkylating agent and THF were removed under
reduced pressure at 50—70 °C, giving a solid residue. Residual CH;-
(CH»)3)4sNBr salts were removed from the reaction product by first
washing the derivative with hot (60 °C) deionized water (50 mL) and,
then, dialyzing it (3.5 kDa MW cutoff) against deionized water followed
by freeze-drying.

Characterization of Humic Derivatives. Elemental Composition.
The CHN elemental composition of HS and their reaction products was
evaluated using a model 14800 CHN Perkin-Elmer autoanalyzer. The
oxygen content was obtained by difference and the ash content by
incinerating in a muffle furnace 50 mg of each sample at 700 °C for 8 h.

Analytical HPSEC. A solution of a phosphate buffer at pH 7 added
with 0.3 g/L NaNj (bacteriostatic agent) was used to both dissolve and
elute each humic derivative by analytical HPSEC. Samples (0.02 g/L) were
filtered through glass microfiber filters before each analytical run. The
analytical HPSEC system consisted of a Polysep P-300 column (250 mm x
7.8 mm i.d.) from Phenomenex (thermostated at 25 °C) and a Perkin-
Elmer LC200 pump connected to two detectors in series: a Gilson 118
UV—vis detector set at 280 nm and a refractive index (RI) detector (Fisons
Instruments, San Carlos, CA). To test column reproducibility, chromato-
grams of all size fractions were repeated either two or three times and
relative standard deviation (RSD) of peak areas never exceeded 3%.

Solid-State NMR Spectroscopy (°C CPMAS-NMR). Cross-polariza-
tion magic angle spinning (CPMAS) '3C NMR spectra were acquired with
a Bruker AVANCE 300 NMR spectrometer, equipped with a 4 mm wide-
bore MAS probe, operating at a *C resonating frequency of 75.475 MHz.
Samples (100—200 mg) were packed in 4 mm zirconia rotors with Kel-F
caps and were spun at 13 + 1 kHz. A "H ramp sequence was used during a
contact time of 1 ms to account for possible inhomogeneity of the
Hartmann—Hahn condition. Two thousand scans with 3782 data points
were collected over an acquisition time of 25 ms and a recycle delay of 2.0 s.
Bruker Topspin 1.3 software was used to collect and elaborate the spectra.
All of the free induction decays (FID) were transformed by applying a 4K
zero filling and a line broadening of 75 Hz. Spectra were integrated in the
chemical shift (ppm) resonance intervals: 187—162 (carbonyls of ketones,
quinines, aldehydes, and carboxyls), 162—112 (aromatic and olefinic
carbons), 112—93 (anomeric carbons), 93—46 (C—O systems, such as
alcohols and ethers, C—N groups, and complex aliphatic carbons), and
46—0 ppm (sp’ carbon, mainly methylene and methyl). The relative areas
of alkyl (46—0 ppm) and aromatic (162—112 ppm) components were
summed to represent the proportion of hydrophobic carbons in humic
samples (hydrophobic carbon, HB). Similarly, the summation of relative
areas in intervals related to polar groups (187—162, 112—46) indicated the
proportion of hydrophilic carbon (HI). The hydrophobic index (HB/HI)
was then calculated.

Diffusion-Ordered NMR Spectroscopy (DOSY-NMR). Solution-state
DOSY NMR spectra were obtained on a Bruker AVANCE 400 MHz
instrument operating at a proton frequency of 400.13 MHz, equipped with
a 5 mm Bruker inverse broadband probe. All spectra were elaborated by
Bruker Topspin 1.3 (Bruker Biospin). Five milligrams of each freeze-dried
HA was dissolved in 0.75 mL of deuterated water (D,0) and transferred to
5 mm NMR quartz tubes fitted with Doty susceptibility plugs. 'H NMR
spectra were referenced to the chemical shift of solvent, resonating at 4.8
ppm, and 'H 90° pulse was calibrated using HOD signal. 2D-DOSY
diffusion-ordered spectra were obtained using a stimulated echo pulse
sequence with bipolar gradients (STEBPGP) provided by a watergate
3—9—19 pulse train with gradients for presaturation of water signal. Scans
(320) were collected using 2.5 ms sine-shaped pulses (5 ms bipolar pulse
pair) ranging from 0.674 to 32.030 G/cm in 32 increments, with a diffusion
time of 100—160 ms and 8K time domain data points. Apodization was
made by multiplying data with a line broadening of 1.0 Hz, spike
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suppression factor of 1.0, maximum interactions number set to 100, noise
sensitivity factor of 2, and number of components set to 1. A mono-
exponential decay without entropy minimization was applied during data
processing. Diffusion coefficients of seven standard compounds of known
molecular weight were measured to express diffusion as a function of
molecular weight, from which diffusion data were approximated to
molecular sizes. The selected standards methanol (32.0 Da), catechol
(110.1 Da), caffeic acid (180.2 Da), catechin (290.0 Da), bromocresol green
(698.0 Da), and two polystyrene sulfonates having 1100 and 6780 Da were
dissolved and acquired in the same way as HS samples described above.
Diffusion coefficients were elaborated using Bruker Topspin 1.3 software.

Plant Assays. Arabidopsis. Seeds of A. thaliana ecotype Columbia
4 were surface sterilized with 95% (v/v) ethanol for 5 min and with 0.5%
(w/v) NaClO for 7 min. After five rinsings with distilled water, seeds were
germinated and grown in a mini-hydroponic system (15). Arabidopsis were
placed in a plant growth cabinet with a photoperiod of 16 h of light and 8 h
of darkness, a light intensity of 90 umol/m?/s, and temperatures of 22 °C
(night) and 24 °C (day). After 5 days in the cabinet, the five best plants were
left in each plate and the germinating papers were rinsed four times with 1
mL of solutions containing HS. A minimum of distilled water was left in
each ice tray cell to irrigate the plates by capillarity. After 3 days of
treatment, the germinating papers were rinsed four times with 1 mL of a
modified Hoagland solution with 1 mmol/L of N, as ammonium
nitrate (/6). This low N level was used to avoid root branching stimulation
by nitrate. Three days later, this rinsing with nutrient solution was
repeated. After 2 weeks of growth, the black covers and the germinating
papers were taken off the plates; the roots, kept between the two other
layers, were stained with toluidine blue (0.05%), and the images were
digitalized by scanner (300 dpi) for root analysis by Delta-t scan software
(Delta T Devices Ltd., Cambridge, U.K.). Two plants in the central
position of the plates were chosen for evaluation of the number of lateral
roots, length of the principal root, and density and length of lateral roots
with four replicates.

Maize. Maize seeds (var. UENF 506) provided by UENF Plant Science
Department were surface sterilized by soaking in 0.5% NaClO for 30 min,
followed by rinsing and then soaking in water for 6 h. The seeds were then
sown on wet filter paper and germinated in the dark at 28 °C. Four-day-old
maize seedlings with roots of approximately 0.5 cm in length were
transferred into a solution containing 2 mM CaCl, and either 0 or 20
mgof C dry wt/L of each HS extract with 10 replicates. A minimal medium
(2 mM CacCly) was used. Maize seedlings were placed in a plant growth
cabinet with a photoperiod of 10 h of light and 14 h of darkness, a light
intensity of 120 gmol/m?/s, and temperatures of 25 °C (night) and 28 °C
(day). Roots were collected on the seventh day and scanned at 300 dpi to
estimate their length and area using image analysis software Delta-T
Scan (/7). Additional samples of root seedlings were collected for further
experiments.

Tomato. Tomato seeds (S. lycopersicum cv. Debora) were sterilized
with commercial solution of 30% NaClO for 15 min, under agitation.
Those seeds were washed with sterile water and sowed in boxes (11 x 11 x
4 cm) for germination. The boxes were conditioned in a growth chamber
under the following conditions: 25 °C and 12 h photoperiod. After
germination (4—5 days), the seedlings were treated with increasing
concentrations (0, 0.1, 1.0, 3.0, 5.0, and 10.0 mM of C) of SH and their
chemical derivatives with eight replicates for each treatment. Tomato
seedlings were cultivated at the same growth conditions described above
for maize. After regression analysis, a new experiment was carried out
using the best concentration of each chemical derivative. The plants grew
in the treatments for 5 days, and then they were evaluated for the number
of emerged lateral roots, the length of the lateral roots, and the length of
the principal roots.

Biochemical Assays. Plasma membrane (PM) vesicles were isolated
from maize roots grown with and without 20 mg of C/L of bulk HS and
each chemical derivative using the differential centrifugation method (18).
The vesicles were either used immediately or frozen under liquid N, and
stored at —70 °C until use. Protein concentrations were determined
according to the Lowry method. ATPase activity in PM vesicles was
determined by measuring colorimetrically the release of inorganic phos-
phorus (P;). Between 80 and 95% of the PM vesicles ATPase activity
measured at pH 6.5 was inhibited by vanadate (0.1 mmol/L), a very
effective inhibitor of the P-type H*-ATPases. In all experiments, ATPase
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activity was measured at 30 °C, with and without vanadate, and the
difference between these two activities was attributed to the plasma
membrane H"-ATPase.

Micro-Tom DR5-GUS Labeling Assay. Four-day-old DR5:GUS
transgenic Micro-Tom tomato plants were treated with HS and their
chemical derivatives for easier detection of auxin-like activity. The tomato
seedlings were treated for 4 days with 4.5mM C of HS and their derivatives
after the appropriate concentration for each derivative had been deter-
mined, as described above, or with 2 mM CaCl, as a control. Histochem-
ical GUS staining was performed as described previously (/9) with minor
modifications of incubating root segments for 1 day in a dark room with
the GUS solution at 37 °C. The results were observed by visualization in
light microscope of the diffuse blue product of the enzymatic reaction in
root segments. The seeds were kindly provided by Dr. José¢ Luiz Garcia-
Martinez from the Universidad Politécnica de Valencia, Spain.

Statistical Analysis. The biological activities of original HS and
reaction products were subjected to preliminary regression analysis to
identify the most appropriate concentration to enhance lateral root
emergence. Then new experiments with original HS and reaction products
were conducted at the selected concentration, the variance was analyzed
(ANOVA), and the means were compared (DMS p < 0.05). After the
preliminary screening, the descriptors with a high degree of autocorrela-
tion were eliminated, and a systematic search of multilinear regression with
one, two, or three members was conducted using BuildlQSAR software to
identify the chemical properties most closely related to bioactivity.

RESULTS

Elemental Characterization. The elemental composition of the
bulk HS and their derivatives is shown in Table 1. Methanolic
alkaline hydrolysis (D4) produced the greatest decrease in C
content with respect to unmodified HS, whereas other chemical
modifications invariably increased C content in humic deriva-
tives. The N content in the derivatives was mostly reduced in
methanolic alkaline hydrolysis (D4), remained similar to the
control after acidic dioxane hydrolysis (D6) and methylation
reaction (D7), and was considerably enhanced after all other
treatments. Despite C and N content variations, the C/N ratio
showed no changes, except for the acidic dioxane hydrolysis (D6),
which accounted for a large C increase (Table 1). The H content
was diminished somewhat by alkaline methanolic hydrolysis
(D4), whereas there was little change for other reactions.

CP/MAS "*C NMR. The carbon distribution in the original HS
and derivatives was revealed by CPMAS '*C NMR spectra. The
original HS spectrum shows signals in the alkyl-C (0—46 ppm)
and C—O/C-N (46—112 ppm) regions corresponding, respec-
tively, to methylene and terminal methyl groups of waxes and
polyesters, and methoxy groups of guaiacyl, the major lignin
compounds in grass, as well as C2, C3, and C5 and anomeric-C
(103 ppm) of cellulose and hemicellulose units (20). The aromatic-
C region is characterized by a broadband centered at 136 ppm of
overlapping resonances of unsubstituted and substituted benzene
rings and by a smaller signal on 151 ppm assigned to phenolic C.
A prominent and sharp signal of quaternary carbons at 173 ppm
is currently assigned to carboxyl groups, esters, and amides (27).
Compared to the original HS, spectra of humic derivatives
showed variable changes mainly in the relative intensities of such
spectroscopic signals.

Table 1 reports percent carbon distribution from integration of
spectra of humic materials after various chemical reactions. The
carboxylic content was only slightly affected by the reactions,
except for a decrease after the H,SO,4 hydrolysis (D5). Aromatic
and phenolic C increased substantially after acidic reactions (D1,
DS, and D6) and slightly after extraction of free lipids (D7), but
did not change after other reactions. The C—O/C—N signals were
reduced mainly in HS submitted to KMnO, oxidations and
H,SO, hydrolysis (D5). Alkyl-C signals increased with KMnOy,
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Table 1. Elemental Content, H/C and C/N of Original Bulk HS and Reaction Products, and Distribution of C Intensity in Different Regions of 13C NMR Spectra of Bulk

HS and Their Reaction Derivatives

elemental composition (%)

chemical shift (CP-MAS "3C NMR)

sample? C H N H/C CNN 0—40 ppm 40—110 ppm 110—160 ppm 160—200 ppm HBHI? aromaticity®
bulk HS 25.24 2.38 2.74 1.30 12.37 23.20 42.90 23.90 10.00 0.89 418
D1 28.14 2.80 4.32 1.84 11.71 25.40 38.70 26.20 9.80 1.06 3.82
D2 31.25 3.02 407 1.56 12.09 24.70 39.90 25.10 10.20 0.99 3.98
D3 25.00 2.24 3.69 1.77 13.01 22.00 43.90 24.20 9.90 0.86 413
D4 21.64 1.99 2.04 1.13 12.69 21.20 42.40 25.80 10.60 0.89 3.87
D5 31.60 2.94 3.37 1.28 12.54 25.70 35.10 30.70 8.50 1.29 3.25
D6 47.84 3.08 2.71 0.68 18.12 20.80 42.70 27.30 9.30 0.93 3.66
D7 27.60 2.38 2.69 117 13.53 20.30 43.30 25.60 10.80 0.85 3.90
D8 33.23 2.98 4.40 1.59 13.02 25.00 41.20 23.90 9.90 0.96 418

D1, acidic oxidation with KMnQ,; D2, basic oxidation with KMnQ,; D3, reduction with sodium borohydride; D4, alkaline methanolic hydrolysis; D5, acid hydrolysis with H,SOy;
D6, acid hydrolysis by dioxane in 2 M HCI; D7, extraction of free lipids; D8, methylation. ° Hydrophobic carbon/hydrophilic carbon = [(0—40) + (110—160))/[(40—110) +

(160—200)]. ©(110—160)/(0—200).

10000 - ORI WUV

Mw (Da)

bulkk HS D1 D2 D3 D4 D5 D6 D7 D8

Figure 1. M,, of bulk HS and their reaction derivatives as determined by
both UV and Rl detectors.

oxidations, H,SO4 hydrolysis, and methylation, whereas they
were decreased by sodium borohydride reduction (D3), both
methanolic alkaline (D4) and dioxane acid hydrolysis (D6), and
extraction of unbound lipids (D7).

These structural changes in humic derivatives were reflected in
the hydrophobic index (HB/HI). Reactions of H,SO,4 hydrolysis
(D5), oxidations (D1 and D2), and methylation (D8) increased
the hydrophobic character of humic derivatives, whereas extrac-
tion of free lipids (D7) decreased their hydrophobicity. Despite
the significant changes on elemental composition and NMR
profile, the rest of the modified HS did not show substantial
HB variations (Table 1). Most chemical modifications somewhat
increased the intensity of aromatic and phenolic C in humic
derivatives, with the exception of methylation (Table 1).

HPSEC. The HPSEC chromatograms of HS and their chemi-
cal derivatives were elaborated to obtain their apparent weight-
average molecular weight (M,,) (Figure 1). Measurements of
My, based on UV—vis detection had a good reproducibility,
whereas those measured by the RI detector were less precise.
However, both detectors indicated that M., values decreased
significantly when HS were submitted to acidic permanganate
oxidation (D1), methanolic alkaline hydrolysis (D4), dioxane
acid hydrolysis (D6), and extraction of free lipids (D7). On the
other hand, alkaline permanganate oxidation, reduction with
sodium borohydride, and H,SO4 hydrolysis increased the M, of
HS. The methylation of HS (D8) showed very closed and larger
M, with respect to control, respectively, when RI and UV—vis
detectors were used. These phenomena were previously observed
by Piccolo et al. (28) and attributed to conjugation of chro-
mophorus components on humic solution that increase light
absorption.

DOSY-NMR. Compared to the original HS, the derivative
resulting from H,SO4 hydrolysis (DS) showed proton
(““aromatic”) signals in the 9.0—5.0 ppm range belonging to larger
molecular size components, whereas those from KMnO, oxida-
tion (D1), sodium borohydride reduction (D3), and acid hydro-
lysis in dioxane (D6) showed humic constituents of lower
molecular size (Figure 2). The components in the C—O/C—N
(polysaccharides) 4.4—2.9 ppm interval were mainly of lower
molecular size than in control HS, with D6 showing the lowest
values, except for D2 (KMnQO, basic oxidation) and D7 (free-
lipids removal) materials, which did not change significantly from
control. Concomitantly, the 2.9—0.0 ppm range (aliphatic) in-
dicates a molecular size increase of alkyl components for the
H,SO, hydrolysis (D5), whereas the rest of the HS derivatives
resulted in lower molecular size than for the corresponding
interval of the original control HS, with the exception of metha-
nolic alkaline hydrolysis (D4), that was not significantly different
from control. Methylation reaction (D8) promotes decrease in
molecular size of all organic components (aromatic, aliphatic,
and carbohydrates) with respect to control (Figure 2).

Effects of HS and Their Derivatives on Root Growth. The most
appropriate concentrations of HS to induce lateral root emer-
gence were 3.87, 2.05, and 4.54 mM C for Arabidopsis, maize,
and tomato, respectively. The methylated derivative (D8) gave
the lowest optimal concentration for induction of lateral root
emergence for all plant species, whereas this optimal dose
was provided by potassium permanganate oxidation (D1) for
maize and tomato plants. The inflection point of quadractic
equations (optimal concentration) was used to compare the
original HS with their derivatives in an independent experiment.
Emergence of lateral roots increased from 1.37- to 3.10-fold in
maize (Figure 3B) and from 1.5- to 3.75-fold in Arabidopsis
(Figure 3A), but the most dramatic effect was observed for
tomato, in which it increased the emergence of lateral roots up
to 10-fold (Figure 3C). Whereas all humic materials induced
lateral root emergence, larger effects were produced by the acidic
KMnO, oxidation (D1), methanolic alkaline hydrolysis (D4),
acid hydrolysis in dioxane and H,SO, (D5 and D6, respectively),
and methylation (DS8). The length of lateral roots was also
modified by both the original control HS and their derivatives
(Figure 3 D—F).

Effects of HS and Their Derivatives on PM H'-ATPase
Activity. Treatment with D1, D2, D5, and D8 promoted stimula-
tions of the PM H-ATPase activity from 120 to 208 % (Figure 4).
The same derivatives promoted some of the largest increases in
the number of emerged lateral roots (Figure 3). A significant
correlation between the H™ pump activation and the hydropho-
bic index of humic derivative was observed (Table 2).
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Figure 2. Molecular size (M,) of bulk HS and their reaction derivatives as
obtained from diffusion coefficients in DOSY 'H NMR spectra and
calibration curve of standards of known molecular weight.

Micro-Tom DR5::GUS Labeling Assay. The effect of HS and
their chemical derivatives on induction of the auxin responsive
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synthetic reporter DR5::GUS of tomato (S. lycopersicum cv.
Micro-Tom) can be observed in Figure 5. DRS5::GUS has been
used as a tool to visualize auxin responses in tissues and mark
auxin signaling in roots. All treatments with HS or their deriva-
tives extended the expression of DR5::GUS beyond that observed
in the control treated with water (Figure 5). The presence of auxin
activity in sites other than that commonly attributed to endogen-
ous auxin accumulation indicates an auxin-like activity for HS
and their derivatives.

DISCUSSION

Root development is a key requirement for plants to adapt and
survive in adverse conditions and, therefore, lateral root number
and placement are dramatically influenced by external factors.
Although chemical reactions change the structure of HS deriva-
tives, including carbon distribution, M,,, and diffusion coeffi-
cients in water, their root growth promoter bioactivity was
retained. No general relationship was found between the changes
in apparent molecular size of HS, as measured by either HPSEC
or DOSY-NMR, and the humic-induced root growth. These
observations are in agreement with previous work that found
induction of root growth in all humic acid size fractions obtained
by HPSEC (2). Nevertheless, we observed that humic residues
resulting from KMnQy acidic oxidation (D1) and methyl alkyla-
tion (D8), which most stimulated root growth and induced PM
H"-ATPase activity (Figures 3 and 4), were among the reaction
products most significantly reduced in size for all three compo-
nents measured by DOSY-NMR (Figure 2). Moreover, the humic
product from dioxane acid hydrolysis (D6), which showed a very
significant effect on the principal root length for all three plants
(Figure 3), but failed to increase PM H'-ATPase activity
(Figure 4), revealed the lowest molecular size by both HPSEC
(Figure 1) and DOSY-NMR (Figure 2). The reduction in size of
these humic derivatives was accompanied by an increase in
hydrophobicity index, as compared to the original HS (Table 1).

On the other hand, the humic material from H,SO,4 hydrolysis
(D5), which showed a still significant bioactivity (number of
lateral root, length of primordial root, root density, and PM H*-
ATPase activity) for all three plants, had a molecular size
greater that bulk HS base on both HPSEC and DOSY-NMR and
the largest hydrophobicity of all humic samples. Further-
more, the derivative resulting from the KMnQOy, basic oxidation
(D2) showed a significant stimulation of lateral root number
(Figure 3) and density for Arabidopsis and tomato and the grea-
test PM H'-ATPase activity on maize (Figure 4). Although
this material did not differ in the diffusion of aromatic and
polysaccharides from that of original HS, it did show the
lowest alkyl component size on DOSY-'H NMR (Figure 2) and
still a substantially larger hydrophobicity than the control HS
(Table 1). Finally, the derivatives less generally bioactive toward
the tested plants were those obtained from reduction (D3),
methanolic alkaline hydrolysis (D4), and lipid removal reactions
(D7). Whereas D4 and D7 did not show a DOSY-NMR
molecular size significantly different from the original HS, D3
had one of the lowest molecular sizes by diffusion measurements.
It is interesting that D3 still revealed a capacity to increase
PM H*-ATPase activity (Figure 4). However, these three
latter derivatives were the least hydrophobic materials among
all humic samples.

These findings seem to indicate that, although the relationship
between bioactivity and molecular size was not significant, other
chemical features such as hydrophobic index appear to play an
important role in the bioactivity of the modified humic matter
from vermicompost. In a previous work, a correlation was
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Figure 4. Plasma membrane H*-ATPase activity from root vesicles
isolated from maize seedlings treated with the best dose (mM C) solution
of bulk HS and their reaction derivatives.

observed between hydrophobicity and biological activity from
different HA isolated from different soils (3, 4).

The root acidification mediated by plasma membrane H™-
ATPase isimportant for the regulation of cytoplasmic pH and the
activation of cell wall-losing enzymes and proteins through
acidification of apoplast (22). This effect is closely related to the
auxin-induced cell growth as proposed by the acid growth theory
in ref 5. It has been earlier postulated that some HS may include
compounds similar to indolacetic acid in their structure, and the
capacity of HS to promote root growth was attributed to these
compounds (23, 24). In fact, humic complex structures can be
disrupted by simple organic acids exuded by plant roots and
microbes (25, 26), and small auxin-like molecules may then be

Table 2. Variable Selection to Linear Regression To Describe H-ATPase
Activities from Maize Root Vesicles by Systematic Use of One Variable after
Pearson Correlation Matrix*

C-AR C-ALk HBHI M,RI %C %N R SD F p<

® 0.673 139.676 3.952 0.1065
(] 0.478 146.127 1.526 0.4016

([ ] 0.845 85.545 12.462 0.0167*

o 0.320 153.971  0.563 0.4991

[ ] 0.663 128.102 3.195 0.1754

® 0532 134116 2273 0.1095

@C-AR, aromatic C (NMR '3C, 165—130 ppm); C-Alk, alkyl C (NMR '°C, 0—48
ppm); HBHI, hydrophobic index (0—48 + 165—130 ppp/50—110 + 165—200
ppm); M,RI, molecular size distribution by HPSEC using Rl as detector; %C, C
content; %N, N content; R, correlation coefficient; SD, standard deviation of
regression; F = Fisher test; P, probability of F test significance. *, H"-ATPase
activity = +1375.93 HBHI — 1373.31.

released and act on the cell receptors in plasma membrane (27).
Early evidence for an auxin activity of HS was provided by their
ability to induce the same molecular target of auxins, such as H'-
ATPase (18, 24), and by the finding that different humic acids
were unable to induce lateral roots in a Micro-Tom tomato
mutant insensitive to auxin (/5). Here, the induction of the auxin
responsive synthetic reporter DR5::GUS in transgenic Micro-
Tom tomato plants by HS (Figure 5) is clear evidence of the auxin
activity of such substances, as proposed previously (1,15, 18,24).
Because all humic derivatives were also able to induce this specific
auxin response element, it is likely that the auxin activity of humic
substances resides somewhere in their common structure. Such
findings may provide for further research aiming at unraveling
the molecular identity of the auxin-like substance(s) present in
HS (15, 18, 24).

On the basis of a number of chromatographic and NMR
results, HS have been described, instead of being cross-
linked macropolymers, as a supramolecular mixture of partially
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Figure 5. Visualization of GUS activity in root of DR5::GUS transgenic tomato. Seedlings were grown for 4 days in 2 mM CaCl, medium and then incubated for
4 days in water (C), 4.5 mM C of humic substance (HS), or its derivatives (D1—D8). Scale bar is 100 x«m.

transformed biomolecules of relatively low molecular weight held
together by weak associations, mainly represented by hydropho-
bic interactions, in only apparently large molecular sizes (28).
This concept of supramolecular aggregation of relatively small
heterogeneous humic molecules was supported experimen-
tally (29, 30). A consequence of this concept is that the bioactivity
of humic matter is to be more related to how humic molecules are
mutually associated and their conformational size and strength
than to specific structural diversities (3).

Here, we found that chemical modifications of a humic
structure affect its root growth in three plant species. The
chemical modifications varied the composition, hydrophobic
index, and component molecular sizes in humic superstructures,
and this was reflected in their capacity to interact with plant cells.
Although no relationship was shown between molecular size and
humic bioactivity, we found here that the hydrophobic index
seems to be a suitable criterion to evaluate humic effects on root
growth. This suggests that this derivative has the least stable
conformation and the largest probability to release auxin-like
molecules to maize cell receptors. It thus appears that HS
bioactivity on plants depends on a sufficient hydrophobicity
index to allow interactions with plant root cells, but the hydro-
phobic domains should concomitantly possess a conformation
sufficiently labile to release, possibly by the action of acidic root
exudates, auxin-like molecules that exert a biological stimulation
(Figure 5).

Supporting Information Available: CP/MAS '*C NMR
spectra, regression analysis of root growth, and all best doses of
HS and its derivatives used in Arabidopsis, maize, and tomato
assays. This material is available free of charge via the Internet at
http://pubs.acs.org.
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