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ABSTRACT

Silicate rock powder (SRP) restores the fertility of weathered soils. However, its slow nutrient
release is a disadvantage for short-duration crops. Humic-like acids (HLAs) are plant
biostimulants that enhance root development and nutrient uptake. This work evaluates the
effects of the co-application of HLA extracted from a vermicompost and SRP on the nutrient
uptake and growth of maize cultivated in weathered soil in Brazil. The chemical composition of
HLA was assessed using Fourier-transform infrared spectroscopy and '3*Carbon-nuclear magnetic
resonance, revealing an overall characteristic of hydrophobicity. A preliminary trial with different
HLA concentrations (0, 20, 40, 80, and 160 mg L") revealed that 40 mg L~" HLA resulted in the
highest increase in the root area, dry root weight, H* efflux, and the number of lateral roots,
compared with other concentrations. The main experiment using soil treated with SRP at
different rates (0, 600, 1200, 1800, and 2400 kg ha~") showed that the co-application of SRP and
HLA caused a significant difference in the root and total plant weights, compared with the sole
SRP application. Furthermore, it increased the nutrient content of the plants. These effects are
mainly because of increased proton pump activity and the hydrophobicity of HLA.
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with soluble fertilizers, SRP causes slow nutrient release
(Tamfuh et al. 2019), allowing a gradual supply that
reduces nutrient leaching. While the industry focuses
almost exclusively on producing fertilizers containing N,

Introduction

The excessive use of chemical fertilizers in agriculture has
recently raised concerns regarding its environmental

impacts. Over-fertilized soils are the primary anthropogenic
source of nitrous oxide (N,O) — one of the greenhouse
gases that causes global warming (Houghton et al. 2016).
In addition, fertilizers are the major constituents of agricul-
tural drainage waters, resulting in the eutrophication of
receiving surface waters (Norse 2005). The agricultural
economy in developing countries still depends on the
international market to meet its domestic demand for fer-
tilizers, making them expensive to farmers with economic
constraints. In addition, some farming systems (e.g. organic
agriculture) do not allow the use of soluble fertilizers and
have raised the demand for other sources of plant nutri-
ents. The use of silicate rock powder (SRP) is a sustainable
approach to increase the fertility level of weathered soils
(Harley and Gilkes 2000; Manning et al. 2017). Compared

P, and K, SRP presents a combination of different nutri-
ents such as SiO,, Al,O3, K,0, and Fe,0s (Swoboda et al.
2022). Moreover, compared with chemical synthetic ferti-
lizers which contribute to green house gas emission
during its manufacturing process, using SRP from local
sources is not only more sustainable due to slow-
release fertilizer which minimizes nutrient leaching and,
but also more economical to farmers as the proximity of
the source helps eliminate transportation costs (Van
Straaten 2006). For these reasons, many scientific works
on SRP have been conducted worldwide, both in green-
houses and open fields (Van Straaten 2006; Silva et al.
2012; Tamfuh et al. 2019; Krahl et al. 2020).

Despite the high capacity of SRP to improve the ferti-
lity of weathered soils, part of the nutrients present in
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the SRP can remain trapped in the solid matrix of rock
particles, taking years to naturally solubilize in the soil
(Marchi et al. 2020). The slow release of the nutrients is
advantageous in long-term agricultural systems or per-
ennial crop production (Lubkowski 2016) but criticized
as a disadvantage for short-cycle crop production
(Mohammed et al. 2014). Some chemical modification
processes, such as microcrystallization, can increase
nutrient solubilization (Zhang et al. 2019). However,
this modification involves high costs and fossil energy
(Ciceri et al. 2017). Thus, an alternative strategy with a
more eco-friendly and cost-effective approach needs
to be explored.

Plant biostimulants are substances or microorgan-
isms that, regardless of their nutrient content,
enhance the nutrition efficiency, abiotic stress toler-
ance, and crop quality traits of plants (Du Jardim
2015). Humic-like acids (HLAs), defined as the extracts
derived from different organic materials that have not
undergone the natural process of humification (Bento
et al. 2019), are a well-known category of plant biosti-
mulants that have improved the growth and yield of
many crops (Balmori et al. 2019). HLAs are formed
mainly by associations of hydrophobic structures stabil-
ized by weak dispersive forces (Piccolo 2002). HLAs are
considered plant biostimulants because of their
capacity to promote plant growth by releasing bio-
active molecules with hormonal-like activities (Canellas
et al. 2002; Nardi et al. 2018; Zandonadi et al. 2019).
HLAs stimulate enzymatic activities and the expression
of genes involved in nutrient acquisition by triggering
modifications in the content of chemicals involved in
different physiological processes, such as the Krebs
cycle and photosynthesis (Vujinovic et al. 2020). It has
also been reported that HLAs can alter the root exuda-
tion profile of organic acids in plants; they increase the
efflux of oxalic and citric acids in maize (Zea mays L.)
plants (Canellas et al. 2008). These organic acids are
strongly linked to the carbon cycle with microorgan-
isms as part of this cycle involves the interaction
between organic acids and microbes and the coloniza-
tion of mineral surfaces (Adeleke et al. 2017). This is the
first part of the weathering process, which results in
mineral solubilization and the consequent release of
cations for plants growth. These events also influence
the ability of plants to absorb nutrients from SRP,
increasing their agronomic efficiency (Adeleke et al.
2017). However, this strategy of co-application of SRP
and HLA has not yet been deeply assessed.

Humic substance (HS) in soils and sediments, com-
prised of humic acid (HA), fulvic acid (FA), and humin,
is the main component of soil organic matter, which is
involved in many processes in soils.

In contrast, composting is a biodegradation process
that creates HLA and fulvic-like acid (FLA) after decom-
posing raw organic materials. Compost can be a ben-
eficial resource in regions that have weathered soils
with low soil organic carbon. Unlike humic acids (HAs)
originated from soils, leonardite, and peat, which have
more stable forms, with a high carbon content enriched
with aromatic groups (Stevenson 1994), HLA derived
from compost has less structuralized chemical compo-
sition. The peculiar trait of HLA in terms of agronomic
value is that several easily degradable compounds
remain in the moiety of HLA throughout the composting
process and these compounds may benefit macro- and
micronutrient uptake by plants (Plaza et al. 2005).

The combined application of rock phosphate (RP)
with other materials, such as microorganisms, biostimu-
lants, and compost, has been studied recently (Ditta
et al. 2018; Aliyu et al. 2019; Maharana et al. 2021).
However, little is known about the optimal rate of
these valuable materials, especially under low fertile
soil conditions.

The purpose of this work was to verify if the co-appli-
cation of HLA and SRP could enhance plant growth in
the weathered soil of the tropical savanna agro-climate
zone of Brazil. Firstly, treatments with different concen-
trations of HLA (0, 40, 60, 80 160 mg L™') were con-
ducted as a preliminary trial to find an optimal
concentration to promote maize root growth and stimu-
late the proton pump activity. Then, a pot experiment
using weathered soil was carried out with different SRP
rates (0, 600, 1200, 1800, and 2400 kg ha™") to evaluate
the effects of varying SRP rates and the co-application of
SRP and HLA on plant morphology and nutrient uptake.
Furthermore, spectral analysis was conducted to identify
the properties and chemical composition of the HLA
used in this study.

Materials and methods

Extraction and characterization of humic-like
acid derived from vermicompost of bovine
manure

The vermicompost was produced in polyethylene boxes
with a capacity of 310 dm?® using fresh bovine manure
and earthworms (Eisenia foetida) at a rate of 80 worms
per kg of bovine manure. The bovine manure and earth-
worms are taken from a livestock farm which belongs to
the University of Brasilia, Brazil. The composting was
carried out over 120 days, and the moisture and temp-
erature were checked to ensure proper biodegradation.
The ranges of moisture during the composting process
were between 40 and 60 percent. The temperature
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raised up to 60°C at thermophilic phase and reduced till
30° during the cooling phase. The HLA was obtained
from the vermicompost of the bovine manure, accord-
ing to the standard methods of extraction, isolation,
and purification of the International Humic Substances
Society (IHSS 2019 ). As a brief description of the pro-
cedure, a solution of 0.5 M NaOH was mixed with earth-
worm compost (10:1, v/v) under an N, atmosphere, and
after 12 h, the suspension was centrifuged (5000 x g).
The HLA was precipitated by adding 6 M HCl until the
pH was 1.5. After centrifugation (5000 x g) for 15 min,
the sample was repeatedly washed with distilled
water until a negative test against AgNO3 was obtained.
Subsequently, the sample was dialyzed against deio-
nized water using a 1000-Da cut-off membrane
(Thomas Scientific, Swedesboro, NJ, USA) and lyophi-
lized. After lyophilization, the elemental composition
of the HLA was determined using a CHN analyzer
(Perkin-Elmer 2400, Perkin-Elmer, Waltham, Massachu-
setts, USA). Different types of acidity in the HLA
sample was measured according to Schnitzer & Gupta
(1965) (Supplemental information SI 1). The chemical
composition of the HLA was studied using Fourier
transform infrared (FTIR) spectroscopy and cross-polar-
ization magic angle spinning '*Carbon nuclear mag-
netic resonance spectroscopy (CPMAS '*C-NMR). The
FTIR spectra were recorded on KBr pellets in the 400-
4000 cm™' spectral range using a Varian FTIR 660 spec-
trometer (Varian Inc., Palo Alto, California, USA).with a
resolution of 4cm™"; 100 scans were conducted. The
CPMAS "*C-NMR was performed at 150.91 MHz using
a Bruker Avance lll spectrometer (Bruker Corporation,
Billerica, MA, USA) after packing the sample in zirconia
rotors with Kel-F caps and spinning it at 10 kHz. The
experiments were performed under a contact time of
2 ms, an acquisition time of 22.5ms, and a recycle
delay of 1 s. The identification of bands in the present
work was carried out according to the method
described by Stevenson (1994). The ACD/NMR pro-
cessor software was used to process and analyze the
spectra. The areas of different '*C resonance signals
were divided into main integrating regions and
assigned to the respective functional groups: 0-45 (ali-
phatic C; alkyl C), 45-65 (methoxyl C; methoxyl/N-alkyl),
65-95 (O-alkyl systems), 95-110 (anomeric C), 110-140
(unsubstituted aromatic C and olefinic C), 140-160
(phenols and substituted aromatic C), and 160-
190 ppm (aliphatic and aromatic carboxyl C; C in
amidic groups; carboxyl/amide). The areas of alkyl (0-
45 ppm) and aromatic (160-110 ppm) C were
summed to represent the fraction of hydrophobic
carbons (HB) in the HLA, whereas the summation of
relative areas in intervals related to polar groups

(190-160 and 110-145 ppm) indicated the fraction of
hydrophilic carbons (HI). The ratio of HB and HI were
used to calculate the hydrophobicity index (HB/HI).

Initial root growth assessment of HLA-treated
seedlings

Maize seedlings were treated with increasing concen-
trations of HLA solutions in a hydroponic trial to deter-
mine the optimal concentration for plant root
development. Firstly, maize seeds were disinfected by
immersion in NaCl solution (0.5%) for 30 min, then
rinsed and soaked in water for 6 h. Subsequently, the
seeds were kept on wet filter paper and germinated in
the dark at 28°C for 2 days to reach the root length of
1 cm and used for the hydroponic trial. Three replicates
each were set up for different concentrations of HLA,
and each replicate was formed from approximately ten
plants. Four-day-old maize seedlings were transferred to
pots containing a minimal medium solution (2 mmol
L™' CaCl,) enriched with 0, 20, 40, 80, and 160 mg L™
of HLA and adjusted to pH 6.0 using 0.01 mol L™ NaOH
and HCI. Solutions were replaced every two days. After
seven days in hydroponic culture, plants were harvested
to evaluate the root area using the image processing soft-
ware ImageJ® and the number of lateral roots was manu-
ally counted. The plants were dried in a forced-air
circulation oven at 65°C until a constant weight was
achieved and then weighed in a four-digit analytical
balance to determine the root dry mass.

Proton pump activity measurements

The activity of the proton pump was assessed by
measuring the changes in the minimal medium pH,
according to the method described by Aguiar et al.
(2013). Ten four-day-old maize seedlings were trans-
ferred to pots containing the minimal medium sol-
ution (2 mmol L™' CaCl,) with or without the optimal
HLA concentration (40 mg L™") for 48 h. Then, seed-
lings were transferred to new pots containing the
minimal medium solution at an initial pH value of
7.0 and monitored for 120 min. The roots were cut
from the plants and kept in a forced air circulation
oven at 65°C until a constant weight was achieved
and then weighed using an analytical balance to
determine the root dry mass. The amount of H*
extruded by plants, related to the proton pump
activity, was measured using a calibrated pH-meter,
equipped with a glass electrode (MA 036, Marconi
Equipamentos Para Laboratérios Ltda, Piracicaba, SP,
Brazil). The amount was expressed as H* extruded
per gram of dry root mass.
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Soil amendment with silicate rock powder

The SRP used in this study was derived from biotite
deposits from Guanambi, Bahia, and Brazil. X-ray diffrac-
tion and petrographic analyses showed that the material
is a biotite syenite composed of alkaline feldspar micro-
cline (77%), biotite (11%), and clinopyroxene (11%) (Rosa
1999). Biotite syenite consists of SiO; (539 mg g“), Al,O3
(179 mg g™"), K,0 (125 mg g '), Fe;05 (70 mg g~ "), CaO
(34mg g~ "), MgO (19 mg g™ '), Na,0 (18 mg g™ '), TiO,
(76 mg g~ "), P,Os (6.7 mg g~'), BaO (6.0 mg g~ "), ZnO
(2.1 mg g7"), and MnO (0.6 mg g~') (Santos 2016; Dos
Santos et al. 2021). The rocks were crushed in a ball
mill and passed through a 0.100 mesh sieve to obtain
uniform SRP, incorporated into the soil samples in
doses equivalent to 0, 600, 1200, 1800, and 2400 kg
ha~" on a dry-weight basis. These rates correspond to
0, 75, 150, 225, and 300 kg ha™' of K,0, which is con-
sidered the well-known range rate of K fertilization rec-
ommended for maize production in the Cerrado
region. The K content was chosen as a reference par-
ameter due to its high concentration in the SRP and
because Brazil imports about 97% of K, as muriate of
potash, for use in agriculture (AMA Brasil 2019). The
soil used in the experiment (B horizon) was a Dystrophic
Red-Yellow Latosol (EMBRAPA 2013), corresponding to
Oxisol in USDA soil taxonomy and WRB/FAO (Silva
et al. 2016). The soil was collected from the experimental
farm of Embrapa Cerrados, (Brazilian Federal District, 15°
36’ 25" S, 47° 44’ 49" W, 1,014 asl). The samples were air-
dried, passed through a 2-mm sieve, and chemically ana-
lyzed according to the method described by EMBRAPA
(2009). The procedure for chemical analysis of soil prop-
erty is described in Supplemental information SI 2 and SI
3. The Cerrados region in Brazil is affected by soil degra-
dation due to human activity and the climate conditions
of long dry seasons (Gomes et al. 2019), leading to low
total organic carbon (TOC) (Supplemental information
3). The soil was mixed homogenously with SRP and
transferred to 14-dm> pots and kept in a greenhouse
for 60 days before planting.

Pot experiment of HLA-treated maize seedlings in
SRP-amended soil

A pot experiment was conducted under a completely
randomized design under greenhouse conditions.
Maize seeds were disinfected and rolled up in germina-
tion paper soaked with the optimal HLA concentration
(40 mg L") for 48 h. The seedlings were carefully trans-
ferred to pots filled with soil amended with or without
SRP. As previously mentioned, different ranges of SRP
(0, 600, 1200, 1800, and 2400 kg ha™") were used as

treatments. A control treatment without HLA was also
performed. Each treatment was conducted in triplicates,
and every pot contained ten plants. Temperature and
moisture were monitored and controlled to avoid the
exposure of seedlings to abiotic stress. While the temp-
erature was between 25 and 35°C during the experiment
and the moisture range was between 60 and 70% of
water holding capacity. All treatments were supplied
with N at the rate of 100 kg ha™" by adding appropriate
amounts of (NH,4),SO, during the experiment. In the
treatments with HLA-treated seeds, 100 mL of 40 mg
L™" HLA solution was applied on the 15th and 25th
days after planting The mode of the application of HLA
was foliar spraying.

Plant analysis

After 45 days of planting, plant height and stem diam-
eter were measured using a digital calliper. Sub-
sequently, the plants were collected, and their total
fresh weight was measured. Roots were separated
from the aboveground biomass, and washed abun-
dantly with water, using carefully small jets of water to
avoid any damage before the fresh weight of the roots
was determined. Then, all samples were oven-dried at
65°C to determine their dry weight. Plant tissues were
ground (2-mm mesh sieve) using a knife mill and ana-
lyzed for the elemental composition according to stan-
dard methods described by the EMBRAPA (2009).
Briefly, N content was determined using a micro-Kjeldahl
procedure (Guebel et al. 1991) after digestion with
H,S0,4-H,0,. For P, the samples were similarly digested
with H,S0,-H,0,, and the concentration was deter-
mined using the molybdenum blue method (Crouch
and Malmstadt 1967). The levels of Ca, Mg, K, Zn, Fe,
Cu, Ni, and Mn were analyzed after digestion with
HNO3-HCl and determined using a microwave-induced
plasma atomic emission spectrometer (MP-AES 4200,
Agilent, Palo Alto, CA, USA).

Data analysis

The elemental composition; total, carboxylic, and phe-
nolic acidities; and FTIR and CPMAS ">C-NMR spectro-
scopies were qualitatively assessed. The
concentration-response test was carried out using a
completely randomized design with ten replicates.
The experiment involving the addition of HLA in
plants grown in soils enriched with SRP also followed
a completely randomized design with three replicates,
in a 5x2 factorial scheme: with five doses of SRP (0,
600, 1200, 1800, and 2400 kg ha™"), with or without
HLA. After verifying the normality by the Shapiro-
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Table 1. Elemental composition, atomic ratio, total, carboxylic and phenolic acidities of humic-like acid isolated from vermicompost of

bovine manure.

Elemental composition Atomic ratio Acidity
C N H 0 C/N H/C o/C Total COOH PhOH
gkg™ - mmol. g~
583.0 045.0 73.0 299.0 15.1 15 0.4 5.4 4.1 13
(43.0) (4.0) (5.0 (12.0) - - - (0.4) (0.3) 0.1

Note: Values in parentheses represent the standard deviation.

Wilks test, the concentration-response and plant ana-
lyses were subjected to analysis of variance tests. The
significative mean of different treatments was assessed
using the Tukey test of honestly significant difference
(p <0.05). All analyses were performed using the R
software (R Core Team 2019). All results of plant par-
ameters were reported as means+SD based on the
two-way analysis of variance for different treatments
at different SRP rates (0, 600, 1200, 1800, and
2400 kg ha™") and with HLA application. Data obtained
from the fifteen performed measurements in study
were analyzed using the methods of principal com-
ponent analysis (PCA). We calculated the contribution
of PCA loadings for each variable to the selected prin-
cipal components. Total contribution of a variable for
two dimensions is calculated as per ((C1 * ET)+(C2 *
E2))/(E1 + E2), where: C1 and C2 represent the contri-
butions of a variable to principal components 1 (PC1)
and 2 (PC2). E1 and E2 represent the eigenvalues of
principal components 1 and 2. The statistical test
was conducted using the R packages, ‘agrocolae’,
‘car’, ‘multicomp’ and ‘princomp’.

Results
Characterization of HLA

Table 1 shows the chemical composition of the HLA
used in our study. The HLA derived from bovine
manure vermicomposting had high amounts of carbon
(583 g kg™') and O (299 g kg™') and a low amount of
H (73 g kg™") and N (45 g kg™"). . The atomic O/C ratio
of 0.4 indicated the presence of oxygenated functional
groups (e.g. carboxylic groups). Most of the total
acidity determined in HLA (76%) was attributed to the
presence of carboxylic groups, whereas phenolic
groups represented only a small fraction (24%) (Table 1).

The FTIR spectrum of HLA displayed a typical profile
of weak and polyprotic organic acids with seven promi-
nent absorption bands (Supplemental Information 4a).
The band next to 3500 cm™' is commonly assigned to
O-H and N-H, stretching from phenols and amines.
The well-defined band at 2950 cm™' is due to symmetric
stretching of aliphatic C-H bonds, mainly belonging to
methyl groups (CH3), whereas the band near

2800 cm™' is associated with aldehydes. The symmetric
stretching at 1650 cm™" is due to C = O bonds from car-
bonyl groups, possibly COO, whereas the band in
1450 cm™" can be attributed either to amide Il groups
or to the deformation of aliphatic C-H bonds (CH, and
CH3) in quinine, probably dominated by lignin and
protein-like structures originated from bovine manure.
Bands at 1280 and 1030 cm™' can be assigned to C-O
bonds in carboxyl, ester, or phenolic groups and to C-
O stretching in polysaccharides, respectively.

The CPMAS '*C-NMR spectrum of HLA, shown in
Supplemental Informatoin 4b, indicates an accumu-
lation of waxes, lipids, cutin, and suberin in HLA
because peaks in the region of aliphatic carbon, in par-
ticular, signals at 26 and 31 ppm are attributed to CH,
groups. The signal at 57 ppm is associated with the
methoxy lignin substituent or C-N bonds in amino
acids (Hatcher 1987). The signal at 73 ppm is related
to cellulose and hemicellulose molecules (Aguiar et al.
2013). The peak at 106 ppm is attributed to the anome-
ric C of cellulose, whereas those at 117, 130, and
154 ppm represent structural C from lignin (Wilson
1987). The signals at 176 and 197 ppm are associated
with carboxyl (DiDonato and Hatcher 2017) and carbo-
nyl (Pavia et al. 2010) groups.

The CPMAS "*C-NMR spectrum was integrated into
seven chemical shift intervals, according to the
method described by Balmori et al. (2014), as shown in
Table 2. The region referring to alkyl C, mainly CH, and
CHs (0-45 ppm), accounted for 33.3% of the spectrum,
whereas N-alkyl groups, aliphatic C (45-65 ppm), and
O-alkyl systems (65-95 ppm) were responsible for
16.7%. The anomeric C (95-110 ppm) represented
5.6%, and the unsubstituted aromatic and olefinic C
(110-140 ppm) accounted for 13.3%. The region of
phenols and substituted aromatic C (140-160 ppm) rep-
resented 5.6% of the spectrum, whereas 8.9% was attrib-
uted to aliphatic C, aromatic carboxyl C, and C in amidic
groups (160-190 ppm).

The signals at 26 and 31 ppm indicate the presence of
paraffinic structures such as cutin and suberin that may
corroborate the observed hydrophobicity. Moreover,
CPMAS "*C-NMR signals at 57, 117, 130, and 154 ppm
indicate the presence of lignin, which also contributes
to increasing the HLA hydrophobicity (0.98), shown in
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Table 2. Relative abundances of different carbon structures
measured by Cross-polarization magic angle spinning '*C
nuclear magnetic resonance (CPMAS *C-NMR) in humic-like
acid extracted from vermicompost of bovine manure.

Chemical shift

Integrated area

(ppm) Carbon groups (%)

0-45 Alkyl carbon, mainly CH, and CH; 333

45-65 N-alkyl groups and complex 16.7
aliphatic carbons

65-95 0O-alkyl groups, such as alcohols 16.7
and ethers

95-110 Anomeric carbons 5.6

110-140 Unsubstituted aromatic carbons 13.3
and olefinic carbons

140-160 Phenols and substituted aromatic 5.6
carbons

160-190 Arbonyls ofketones, quinines, 8.9
aldehydes, and carboxyls

HB' 522

HI? 53.5

Hydrophobicity 0.98

(HB/HI)

(HB) = (0-45) + (160-110).
2(HI) = (190-160) + (110-145).

Table 2. 0.98 in HB/HI ratio is well balanced between
hydrophobic and hydrophilic parts in comparison with
extracted HAs from leonardite, coal and lignite, which
reaches the range of 2.49-3.63 (Barone et al. 2019;
Zhang et al. 2021; IVerrillo et al. 2022).

Effect of HLA on initial maize root growth in a
preliminary trial

The results obtained from the hydroponic trial showed
that HLA increased (p < 0.05) root area, dry root mass,
and the number of lateral roots at concentrations up
to 40mg L™' (Figure 1). Higher concentrations,
however, induced opposite responses. A 40 mg L™
HLA concentration resulted in the highest number of
lateral roots (Figure 1(a)), with an increase of 49% com-
pared with the control. Based on the results, (1) no stat-
istical difference was observed in the increase in root
area and dry root mass upon HLA treatment at concen-
trations of 40 and 80 mg L (Figure 1(b,c)), and (2)a
higher number of lateral roots (Figure 1(a)) was obtained
using a 40 mg L™" HLA solution. Thus, the concentration
of 40 mg L™' HLA solution was considered the most
efficient and used for subsequent experiments.

The influence of HLA on the acidification of aqueous
growth medium and proton pumps of maize seedlings
was examined (Supplemental information 5a). Based
on the previous result in the hydroponic trial, seen in
Figure 1, the concentration of 40mg L™' HLA was
used for this analysis. Compared with the control,
higher acidification was observed in the extracellular
H* flux of the HLA-treated plants (Supplemental infor-
mation 5a). With time, a higher proton pump activity

was observed in the plants treated with HLA (Sup-
plemental information 5b).

Biometric analysis and nutrient content in maize
plants

Figure 2 shows the result of the pot experiment con-
ducted to analyze the effect of different rates of SRP
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Figure 1. Effect of different concentrations of humic-like acids
extracted from vermicompost in the initial maize root develop-
ment. The number of lateral roots (Figure 1(a)); Root area (Figure
1(b)); Dry root mass (Figure 1(c)). Different letters indicate stat-
istical differences (Tukey test p<0.05). Columns represent the
means + standard deviation.
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Figure 2. Effects of humic-like acids (40 mg L™") extracted from vermicompost on maize seedlings: (a) Stem diameter (mm); (b) Plant
height (cm); (c) Root fresh weight (g); (d) Root dry weight (g); (e) Total fresh weight (g) and (f) Total dry weight (g) grown in a weath-
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ively. Bars represent standard deviation.

with/without HLA (40 mg L™") on plant growth. The
amount of SRP had a significant effect on the stem diam-
eter, plant height, total weight, and root weight (p < 0.05),
but there were also SRP levels, for which HLA addition
had no or negative impacts on plant growth parameters.
The treatment with 2400 kg ha™' SRP resulted in the

highest values for stem diameter, plant height, and total
fresh weight, whereas that with 1200kg ha™' SRP
resulted in the highest fresh root weight. The sample
with no SRP had the lowest values in all the tested par-
ameters. No significant difference was observed in the
total dry weight from 1200 to 2400 kg ha™".
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Compared with the treatments of sole SRP appli-
cation, co-application of SRP and HLA showed signifi-
cantly higher results in all parameters except for the
stem diameter (p <0.05). but there were also SRP
levels, for which HLA addition had no or negative
impacts on plant growth parameters. Plants treated
with a combination of SRP (1800 kg ha™') and HLA
(40 mg L") had 17.1% higher plant height than those
treated with only SRP (Figure 2(b)). Compared to maize
treated with only SRP, the addition of HLA significantly
increased the fresh weight of roots by 14.6% and
16.9% in plants treated with 600 and 1200 kg SRP
ha™’, respectively (Figure 2(c)). Regarding the dry
weight of roots, however, a significant difference is not
observed in these treatments but plants treated with
1800 kg SRP ha™' (Figure 2(d)). The total fresh weight
and dry weight of plants treated with a combination of
HLA (40 mg L™") and SRP (1800 kg ha™") were signifi-
cantly higher (p <0.05) than those treated with only
SRP (Figure 2(e,f)). The interaction of SRP and HLA on
root fresh and dry weight and total fresh weight was sig-
nificant (p < 0.05). The interactive effect of SRP and HLA
on plant height was significant at a p<0.1 level of
confidence.

Figures 3 and 4 show the effects of different treat-
ments on the nutrient content of plants under weath-
ered soil conditions. Sole SRP application significantly
increased all nutrients except for Mg, Cu, Fe, compared
with the no SRP treatment. Treatments with SRP appli-
cation at medium and high rates (1200, 1800, and
2400 kg ha™") showed a significantly high content of
macronutrients (N, K, and P) (Figure 3). The additional
use of HLA increased the N content by 5% in the
plants grown in SRP-enriched soils at rates of 1200,
1800, and 2400 kg ha™' (Figure 3a). The plants raised
under the combination treatment of 40 mg L™' HLA
and SRP at the rates of 600, 1200, 1800, and 2400 kg
ha™' showed high P content with 16.3%, 11.3%, 9.0%,
and 14.4%, respectively (Figure 3(b)). HLA addition pro-
vided significant increased K contents by 8.0% and
14.0% using SRP at the rates of 600 and 1200 kg ha™’,
respectively (Figure 3(c)). A similar trend was observed
in Ca, where the co-application of 40 mg L™' HLA and
SRP at rates of 1200, 1800, and 2400 kg ha™' resulted
in increase in the Ca contents by 65.6%, 72.4%, and
32.7%, respectively (Figure 3(d)). The content of Cu
also increased at all rates of SRP in the HLA treatments
(Figure 4(a)), ranging from 24.6% (0 kg ha™' of SRP) to
90.0% (600 kg ha™" of SRP). Significative differences in
Zn content (Figure 4(b)) were detected in HLA-treated
plants with SRP rates of 1200 and 1800kg ha™', which
increased Zn contents by 117.7% and 52.2%, respect-
ively. In the case of Mn (Figure 4(c)), SRP rates of 1800

and 2400 kg ha™' combined with HLA increased Mn con-
tents by 19.6% and 29.9%, respectively. The highest Fe
content was seen at the rate of 0 kg ha™' of SRP. The
statistical analysis of the interactive effect of the two
factors (SRP rates and co-application with HLA)
showed that the results were statistically significant for
all the tested nutrients except for Magnesium (p <
0.05), as seen in Supplemental Information 6 (Sl 6).

PCA is a dimensionality-reduction method of multi-
variate analysis which enable to discover underlying
patterns in a dataset. In our study, the variance of
69.8% can be explained by dimensions 1 and 2, seen
in Supplemental Information 7 (Sl 7). The variables of
the highest contributions in the dimension 1 are total
fresh weight, N, and K. Those variables are highly
associated and form a cluster, observed in SI 7. In the
contrast, Cu and Mg are other variables that highly con-
tribute the dimension 2.

Discussion

Sustainable use of rock phosphate is necessary to pre-
serve the limited global reserves. Direct application of
rock phosphate is often recommended for perennial
crops and not for rapidly growing crops due to the
slow dissolution of rock phosphate (Le Mare 1991). The
present work shows the positive effect of SRP in combi-
nation with HLA on maize growth in weathered soil. A
better understanding of the chemical composition and
bioactivity of humic substance (HS) and humic-like sub-
stance (HLS) is needed to identify the factors underlying
this effect. The stimulatory effect on plant development
is closely linked with the chemical compositions of HS
and HLS (Vaccaro et al. 2015). Therefore, information
regarding the chemical structure and functional
groups is necessary to evaluate HS and HLS efficiency
in stimulating plant development. The molecular charac-
teristics of the HLA used in this study, such as hydropho-
bicity, were revealed using '>C-NMR, and the results
resemble those observed in other works in which the
effect of HLA on plant growth was associated with
induction of PM H*-ATPase and lateral root emergence
(Aguiar et al. 2013). Although hydrophobic domains
protect biomolecules with hormonal activity from enzy-
matic degradation, organic acids exuded by plants
might dismantle these structures and make nutrients
accessible to roots, promoting plant growth (Nardi
et al. 2000, 2002; Canellas et al. 2008; Pizzeghello et al.
2020). It is noteworthy that a certain amount of aliphatic
compounds were detected with peaks of 1650 and
2950 cm™ ' in the FTIR spectrum, and a relatively large
proportion of aliphatic and methoxyl carbons were
detected in the NMR spectrum (Supplemental
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Figure 3. The nutrient content of nitrogen, phosphorous, potassium, calcium, and magnesium in maize plants grown in a weathered
soil treated silicate rock powder (0, 600, 1200, 1800, 2400 kg ha~") with or without and humic-like acids (40 mg L™"). Asterisk indicates
statistical differences (Tukey test p<0.05) between plants with or without HLA at the same silica rock powder rate. Bars represent

standard deviation.

Information 4). Bioactive compounds in the HLA can also
access the cytoplasm and lead to small changes in pH,
with effects on several essential cellular processes,
including the induction of enzymatic activities (Han
and Burgess 2010).

In plants, HLAs mainly cause root elongation and
lateral root emergence by activating the plasma mem-
brane (PM) H*-ATPase and proton pump through

phytohormonal modulations (Canellas et al. 2002;
Nardi et al. 2018; Zandonadi et al. 2019). The proton
pump is linked to the acidification of the apoplasts
resulting in the loosening of cell walls and root growth
(Frias et al. 1996). The activation of H+-ATPase also
improves plant nutrition by increasing the electrochemi-
cal proton gradient that drives ion transport across cell
membranes (Morsomme and Boutry 2000). Root
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elongation and lateral root emergence, shown in Figure
1, are positive morphological impacts of HLA. This effect
is supported by the acid growth theory - PM H*-ATPase
is activated by small molecules present in HLA, which are
endowed with auxin-like activity (Musculo et al. 1998,
1999; Canellas et al. 2002; Nardi et al. 2002). The PM
H*-ATPase directs H* extrusion through the plasma
membrane via ATP hydrolysis, which in turn generates
an electrochemical gradient and acidifies the apoplast,
activating pH-sensitive enzymes responsible for loosen-
ing the cell wall, resulting in cell volume expansion and
elongation (Zandonadi et al. 2019). Our work shows a
decrease in pH in the minimal medium containing
HLA-treated plants (Supplemental information 2), indi-
cating an extensive efflux of H" from the roots and
higher activity of PM H*-ATPase. According to Aguiar
et al. (2013), two main factors may influence the acidifi-
cation of the medium solution: the production of respir-
atory CO, by roots and the extrusion of H* by H*-ATPase
in the plasma membrane and cell vacuoles. Therefore,
we suggest that the pH decrease in the solution was

due to proton pump activity and proton extrusion. It is
worth mentioning that extrusion increased exponen-
tially as pH decreased. The HLA-treated plants recorded
the highest values for plant growth parameters (SI 5b),
indicating a marked beneficial effect of HLA on acid
growth induction, as described previously by Canellas
et al. (2002).

Finding an optimal HLA concentration for plant
growth is one of the crucial factors for its application.
In our study, it showed the reversal of the trend for
higher concentrations regarding the root area and the
number of the lateral roots (Figure 2), which are often
observed in other previous works (Canellas et al. 2002;
Khan et al. 2018). This could be resulted from that (1)
HLA acts as a plant hormone, which requires a low con-
centration and (2) the high concentration of HA would
cause insolubilization of nutrient (Khan et al. 2018).

The co-application of SRP and HLA in our study
resulted in positive nutrient uptake (Figure 3) and the
result of PCA analysis (SI 6) confirmed that the nutrient
contents such as N and K are highly associated with
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morphological parameters (e.g. total dry weight, plant
height, dry root weight). The activation of H* flux by
HLA is also crucial for energizing secondary transporters,
resulting in enhanced nutrient uptake, root growth pro-
motion, and absorption of water (Canellas and Olivares
2014). Increased N content was shown in our study.
The effect on the root expression of N assimilatory
enzymes (Zanin et al. 2019) promotes the expression
of the nitrate transporter ZmNRT2s (Vujinovic et al.
2020), which could result in increased N content in
plants treated with HLA and HA.

An increase in the flux of H" due to enhanced PM H*-
ATPase activity mediated by HLA (Zandonadi et al. 2019)
triggers P mobilization from insoluble forms. Further-
more, HLA plays an important role in stimulating the
activity of solubilizing microorganisms and complexing
cations bound to phosphate (Zanin et al. 2019). HLA
also increases the activity of other microorganisms,
and therefore, respiratory CO, production, acidifying
the rhizosphere, which may further solubilize P from
the SRP by altering the root-soil-rock interface (Rosa
et al. 2018). Finally, HLA influences gene expression of
the high-affinity P transporter LePT2, aiding plant
uptake of P from soil (Jindo et al. 2016). Enhanced
gene expression by HLA also increases Ca”* uptake,
such as by modulating the rice putative voltage-depen-
dent Ca®* channel OsTPC1, which increases Ca** uptake
upon exposure to increased acidity (Ramos et al. 2015).

Concerning cationic micronutrients, the decrease in
soil pH of the HLA-treated plants increased nutrient
availability. Under these conditions, the speciation of
metal complexes such as chelating was altered,
leading to higher cation availability from both SRP and
the soil itself. Additionally, increased microbial activity
might have accelerated the dissolution of minerals
from SRP via increased root exudation of organic (e.g.
siderophores) and inorganic compounds (CO,/H,COs)
following HLA application.

However, it should be highlighted that our study
shows only the result of the nutrient contents in the
plant tissues and not the total nutrient uptake by the
plants. The effect of the coapplication of HLA and SRP
on nutrient transporter and total nutrient uptake
should be further examined. In addition to the plant
uptake, it would be also interesting to explore the
study of the change of available P and K in soil after
the HLA application.

Clearly, differentiating between HA and HLA in
chemical structure and functionality for soil ecosystems
and plant growth is challenging. Based on recent
findings (Bento et al. 2020; Dos Santos et al. 2020),
several different characteristics can be described: (1)
HA derived from soil contains mostly aromatic carbons,

whereas both aromatic and aliphatic carbons contribute
to the chemical structure of the HLA used in this study;
(2) HA originating from the soil is more hydrophilic,
whereas HLA from other origins such as compost,
biochar and hydrocharis more hydrophobic; and
(3)regarding bioactivity, HLA has more influence on
plant growth than HA.

However, it should be noted that HLA and HA have a
wide range of different properties that are strongly
affected by the original materials (Hiemstra et al. 2013).
Fuentes et al. (2018) proposed a new methodology to
evaluate the quality and quantity of HA and HLA in
different organic materials by using discriminant analyses.
However, it requires specialized laboratory equipment for
UV-visible, FTIR, fluorescence, and elemental analyses - a
cost that is a bottleneck in emergent and developing
countries. Further research into practical and affordable
methods for correlating HLA/HA chemical structure and
plant growth promotion must be conducted.

Conclusion

This study demonstrated that maize seeds treated with a
40 mg L™ HLA solution have more lateral roots, root area,
and dry matter. In addition, roots grown in this HLA con-
centration (40 mg L™ yielded more significant acidifica-
tion of the minimal medium, which is aligned with the
increase in H* efflux through the activity of the PM H*-
ATPase. When grown in the weathered soil with 1800kg
ha™' of SRP, HLA application improved plant growth
and nutrient content. In future, a spectroscopic analysis
of the mixture of SRP and HLA should be conducted to
understand the possible chemical interactions. Thus, we
conclude that HLAs are a sustainable and cost-effective
means for soil fertilization. They stimulate the develop-
ment of maize seedlings and increase their efficiency in
absorbing nutrients from a weathered soil amended
with SRP. The co-application of SRP and HLA strongly
benefits the plant nutrition of short-duration crops.
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