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The mangrove sediments are rich in organic matter and humic substances, responsible for important
functions such as reducing the toxicity of heavy metals, nutrient stabilization, serving as drain to
atmospheric carbon and increasing the plant growth. In this study, we observed the effect of humic
substances, humic acids and fulvic acids isolated from sediments of a mangrove forest, sampled from
the Municipal Ecological Station llha do Lameirdo (EEMIL, located in Vitéria, Espirito Santo State,
Brazil), on the growth and root acidification of Rizophora mangle and Laguncularia racemosa seedlings.
For this, R. mangle and L. racemosa propagules were transferred to pots and then treated with different
humic materials. The evaluation in root architecture change was performed by analyzing the main root
axis length, lateral root length, density of lateral roots, fresh and dry mass weight of roots and
estimated H'-ATPase activity by specific root acidification measurement. The results indicate that all
humic materials extracted from mangrove organic matter were able to modify the root architecture
systems of the studied plants. In addition to inducing an increase in the number of lateral roots and
root branching, it also stimulated specific root acidification when compared to control groups. There is
a good potential in developing technologies for the production of seedlings of mangrove plant species
treated with biostimulants based in humic materials isolated from the mangrove ecosystem itself.
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INTRODUCTION

Periodical flooding from fluvial or marine origin that may matter ecosystem, leading to a carbon fixation amount,
occur in mangroves generates accumulation of organic around 0.57 Mg per ha per year (Ferreira et al., 2007),
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Table 1. Chemical and physical composition of mangrove sediment located in the Escravos Canal Region used for the extraction and fractionation of organic matter.

Chemical composition (fertility)

Physical composition
(granulometry)

Sediment

H P K Ca Mg Al H+Al Na CcC MO Fe Cu Zn Mn S B Areia Silte  Argila

P ppm cmol. dm™ % ppm %
Escravos

4.3 6.0 754.0 23.1 275 1.0 20.7 60.3 13.0 22.3 1989.0 06 196 233 3561.0 181 32 49 19

Canal region

which highlights the mangrove’s importance in the
cycling of atmospheric C. The biggest amount of
the organic matter from soils, water and
sediments is composed of humic substances (HS)
(Baldotto, et al., 2013). According to Stevenson
(1994), the HS covers heterogeneous organic
compounds with no clear biochemical classi-
fication, produced as by-products of microbial
metabolism. Despite the long period of study and
experimentation, only recently we came to an
understanding of what would these substances.
Piccolo (2002) showed that HS are aggregates of
organic compounds that are held together by weak
interactions in a supramolecular conformation of
apparently high mass. These substances promote
direct effects on plant metabolism, stimulating
plant growth as a whole, stimulating flowering and
by consequence improving plantation yield (Vaz
and Gongalves, 2002; Rocha et al., 2004; Benites
et al.,, 2006). They are also able to indirectly
enhance soil resistance to water and nutritional
deficiencies, providing better fertility and improving
the system’s physical and biological conditions
(Guminski, 1968; Busato et al., 2009).

Many studies support the benefit generated by
the use of products based on humic substances
(HS) as biostimulant to different plant species
incrementing, especially, root growth (Canellas et
al., 2002; Dobbss et al., 2010; Aguiar et al., 2013;
Canellas et al. 2012; Amorim et al., 2015; Silva et
al., 2015; Ramos et al.,, 2015). However, further

studies to quantify and characterize the specific
amounts to be applied in certain species of
mangrove as Rizophora mangle and Laguncularia
racemosa remain scarce.

The fraction of HS originates from three
products, classified according to their solubility in
acid or alkaline, they are: Humin, fulvic acid (FA)
and humic acid (HA) (Kononova, 1966; Canellas
and Santos, 2005). The first fraction, humin, is
less evolved and more stable being strongly
linked to the mineral fraction of the soil, and thus
is the insoluble portion of the organic matter. The
second fraction (FA) constitutes the water-soluble
portion, consisting of low apparent molecular
mass molecules and higher amount of acid
functional groups. The last, fraction (HA) is
composed by molecules soluble only in alkaline
medium with high apparent molecular mass
(Schnitzer, 1982; Canellas et al., 2001).

According to Facanha et al. (2002), better plant
development promoted by treatment with HS can
be attributed to increased permeability of the
plasmatic membrane, and activation of the
transmembrane enzyme H'-ATPase, which pumps
H" into intracellular space. The acidification of the
cell environment increases the plasticity of the
membrane, allowing the cell to stretch wider and
thus promoting the mechanism know as "acid
growth" (Hager, 2003).

The aim of this study is to evaluate the effect of
different humic fractions extracted from mangrove

sediment on the root system, and specific root
acidification in seedlings of Rizophora mangle and
Laguncularia racemosa.

MATERIALS AND METHODS

Sampling area, chemical and physical composition of
the sediments, location and history

Sediment samples from a mangrove ecosystem were
collected at the surface of an area with very few anthropic
impacts (Escravos canal region) in the EEMIL, Vitoria,
Espirito Santo State. The chemical and physical
composition of the sediment used to extract the humic
materials is shown in Table 1. The station is located
between the latitudes 20° 14’ S to 20° 17’ S and longitudes
40° 16" W to 40° 20' W (Tulli, 2007), and covers an area of
891.8 ha, where 92.7% are represented by the mangrove.
Such area was, initially, made into a preservation unit of
Vitéria-ES as a Municipal Biological Reserve, by publishing
of the Municipal Law No. 3326 of May 27, 1986. It was
later transformed into the EEMIL by the Municipal Law No.
3377 of September 12, 1986 (Tulli, 2007).

Humic substance extraction from organic matter of
mangrove sediment and elemental composition of
humic materials utilized

The extraction of HS, to obtain the FA and HA fractions
were made in accordance to the classical methodology
adopted by the International Humic Substances Society
(IHSS) (Schnitzer, 1982). Explaining it briefly, 200 g of
sediment samples (in triplicate) were air dried and sieved
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Table 2. Dose-response model, correlation coefficient (R?), standard deviation of regression (SD), number of units included in the sample
(n), the regression significance level (p-value) and tipping point (optimal concentration) for the average root length of seedlings in
Laguncularia racemosa and Rizophora mangle seedlings after treatment with humic substances, humic acids and fulvic acids.

Humic materials Equation (y = b2x? + blx + b0) R? i;%?;t?éﬂ n p (Od?(}g;)al gfrlcze(rgtzr)axtlgr(l)
Laguncularia racemosa

HS y =-0.1132x" + 1.2165x + 5.4525  0.99 4.51 18 0.0023 5.37

HA y=-0.1776x* + 1.7704x + 9.6191  0.99 3.21 18 0.0017 4.98

FA y =-0.0275x* + 0.3774x + 4.0172  0.93 5.17 18 0.0034 6.86
Rizophora mangle

HS y = -0.0956x” + 1.0642x + 8.2262  0.98 6.12 18 0.0041 5.57

HA y =-0.1449%* + 1.64x + 10.483 0.95 4.92 18 0.0026 5.66

FA y = -0.0931x* + 0.9875x + 6.0585  0.92 3.76 18 0.0018 5.30

(2 mm mesh sieve), extraction of HS was done using NaOH 0.5
mol L%, in a sediment: solvent ratio of 1:10 (m:v). The separation of
HA was achieved by lowering the solution’s pH to 1.0 to 1.5 with
HCl 6.0 mol L™ followed by centrifugation (890 rcf / 20 min).
Dissolutions and precipitations were repeated three times; all humic
materials were adjusted to pH 7.0 utilizing NaOH 0.5 mol L™ or HCI
6.0 mol L™, properly purified according to Canellas et al. (2005).

After purification and subsequent lyophilization, the humic
materials (HS, FA and HA) had their elemental composition
analyzed (CHNO) through an elemental analyzer device (CHNS -
932, Leco, Germany) with 4.0 mg samples (in triplicate). Oxygen
content was determined by oxygen-difference and ash from
incineration of 50 mg of the humic materials at 700°C during 8 h.
The CHNO analysis is often used to relate chemical properties of
humic substances with the genesis or properties of the extraction
origin and this present work was basically used for the calculations
of doses (in mmol C L) were used in preliminary experiments
concentration response. The values obtained for CHNO humic
materials were as follows: HS (C: 21.61% H: 2.02% N: 2.06% and
O: 74.31%); HA (C: 48.93% H: 5.76% N: 4.09% and O: 41.21%)
and AF (C: 34.30% H: 4.63% N: 6, 35% and O: 65.53%).

Concentration response test with humic materials used on
treatment of Laguncularia racemosa and Rizophora mangle
seedlings and experiment with the best concentration

Seedlings Laguncularia and Rizophora were exposed to all the
humic materials (HS, FA and HA) extracted from the mangrove
ecosystem. In order to obtain the best doses, at witch plant growth
is greatly improved, the following concentrations were used for
each humic material: 0.0 (control); 1.5; 3.0; 6.0 and 12.0 mmol C L
Following a regression analysis, a new experiment was
performed, this time using the optimal dose of each humic material
(Table 2), for comparing various treatments and the control.
Propagules of L. racemosa and R. mangle brought from the
study area (Escravos channel region) developed during 30 days
were treated with the best concentrations of the humic materials
found (Table 1). Following exposure to the treatments, the number
of lateral roots was assessed using a computer program to analyze
digital images (ImageJ® v.1.45) and the root main axis length. Also,
fresh and dry root mass were measured using a scale with
analytical precision, dry weight was measured after 72 h on a stove
at 60°C. Each treatment with the best concentrations of humic
material had 8 pots and each pot had 2 propagules, giving a total
sample size of 16 plants per treatment for each humic material (HS,
FA and HA).
The experiment was completely randomized, with 3 replicates

per treatment, whose mathematical model can be described as: Yij
= W+ ti + eij. As it follows: Yij = experimental response, measured in
the experimental unit j, submitted to the treatment i; p = overall
average; ti = relative effect by the treatment i; eij = random error. An
analysis of variance was performed and means compared by the
Tukey test (P <0.05) using the software SAEG v.9.1.

Measure of acidity in the growing solution - estimate of the
activity H" -ATPase

Estimation of H*-ATPase activity was assessed by measuring the
acidity in a solution containing seedlings of L. racemosa and R.
mangle treated with the best concentration of HS obtained in
preliminary test concentration response test. In this experiment,
only minimal medium (CaCl, 2 mmol) was used to avoid any
influence of nutrients which could act in synergy with the HS,
stimulating root growth and/or overall plant metabolism. A total of 5
plants (in triplicate) with similar age and height were treated with HS
(along with a control) for 48 h and after this period, they were
transferred to a recipient containing 50 mL of a CaCl, 2.0 mmol
solution at pH 7.0. The solution’s pH was measured using a
potentiometer able to measure pH with a glass electrode, during
140 minutes. The roots were digitalized for latter analysis and then
dried in a forced air stove, after that the amount of H* was
expressed in moles of H" per gram of dry roots (mmol H* g of
roots') (Aguiar et al., 2013).

RESULTS AND DISCUSSION
Effects of the humic materials on root growth

Changes in root system architecture can be variable in
response to hormonal and environmental stimulations
(Torrey, 1986; Lopez-Bucio et al., 2003; Sorin, 2005). All
the humic products (HS, HA and FA) isolated from the
mangrove ecosystem sediment showed the ability to
induce these changes in rooting pattern in seedlings of L.
racemosa and R. mangle (Figures 2 and 3).

The quadratic regression curves for the mean root
length of L. racemosa and R. mangle seedlings treated
with the different humic materials are illustrated in Figure
1.

Table 2 and Figure 1 show the concentration-response
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Figure 1. Quadratic regression curves for the mean root length of L. racemosa (A) and R.
mangle (B) seedlings treated with humic substances (triangle); humic acids (square) and

fulvic acids (circle).

model and the optimum concentrations for each humic
material for seedlings of L. racemosa and R. mangle. The
results of the average increase in root length, obtained by
the first derivative of a quadratic regression, for the effect
of concentration in seedlings of L. racemosa and R.
mangle respectively, the results were 5.37 and 5.57
mmol C L™ for HS; 4.98 and 5.66 mmol C L™ for HA; 6.86
and 5.30 mmol C L™ for FA (Table 1).

Roots architecture of the seedlings from both species
were significantly altered by the addition of the HS to the
culture, which results are shown in Figures 2 and 3. Also,
the density of lateral roots of both species was
significantly altered by the presence of humic
substances. Similar results were observed by Dobbss et
al. (2007, 2010), Aguiar et al. (2009), Aguiar et al. (2013).
However, by comparing the two species, it was observed
that seedlings of R. mangle showed a greater number of
lateral roots per unit of primary root length (lateral roots
density). Seedlings of L. racemosa also showed

statistically higher values compared to the control plants
(Figure 2A). Such results are probably related to the
specific development characteristics of each studied
species.

Regarding the length of the main roots, results showed
a shortening caused by treatment with HS. This result is
very similar to the behavior of plants treated with high
concentrations of auxin (Peres et al., 2009), as auxin has
already been found in the supramolecular structure of HS
(Muscolo et al., 1998). However this “auxinic” effect was
significant for seedlings of R. mangle and not significant
for seedlings of L. racemosa (Figure 2B).

The increase in length of emerged lateral roots was 48
and 72% higher for L. racemosa and R. mangle
respectively for seedlings treated with HS when
compared to control seedlings (Figure 2C). Induction in
lateral roots growth has been observed in other plant
species as reported, indicated, highlighted by Canellas et
al. (2002, 2008, 2009 and 2010), Dobbss et al. (2007,



1172 Afr. J. Biotechnol.

600

H

500

400

300

Control = 100 %
o

200

d
100
0

C_Rm HS Rm HA_ Rm FA_Rm Lr HS Lr HA Lr FA Lr

C_ Rm HS Rm HA_Rm FA_Rm _Lr HS Lr HA_Lr FA_Lr

200
B

—

160

120 b

—

80

Control = 100 %

40

300
c

—_ W

250

200

150
C

100

50

0

C Rm HS_Rm HA_Rm FA_Rm Lr HS Lr HA Lr FA_Lr

H o

Control = 100 %
o

Figure 2. Effect of humic substances (5.37 and 5.57 mmol L C™), humic acids (4.98 and
5.66 mmol L C) and fulvic acids (6.86 and 5.30 mmol C L) isolated from the sediment
mangrove ecosystem studied on the (A) density of lateral roots; (B) length of main roots
and (C) Length of lateral roots of L. racemosa (Lr) and R. mangle (Rm). The values
represent the average of 15 seedlings + standard deviation and were normalized relative
to the control (control = 100%). Means followed by different letters, in white or black
columns are statistically different by Tukey test (P <0.05).
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Figure 3. Effect of humic substances (5.37 and 5.57 mmol L C*), humic acid (4.98 and 5.66 mmol L C’
1y and fulvic acid (6.86 and 5.30 mmol C L) isolated from the sediment mangrove ecosystem studied
on fresh root (left column) and dry (right columns) mass of L. racemosa (Lr) and R. mangle (Rm). The
values represent the average of 15 seedlings + standard deviation and were normalized relative to the
control (control = 100%). Means followed by different capital letters in the left column and lower the right
columns are statistically different by Tukey test (P <0.05).

2010), Baldotto et al. (2011), Amorim et al. (2015), Silva
et al. (2015) and Ramos et al. (2015), suggesting an
occupation and soil exploitation strategy by plants treated
with HS. Lateral roots explore more soil around them and
compete less with each other due to the distance
between them (Silva and Delatorre, 2009).

The results of fresh and dry root mass (Figure 3) were
significantly higher in treatments with HS for both plant
species, when compared to their respective control
treatment, which corroborates similar to the findings of
Canellas et al. (2009), where the observed increases in
root mass were 100% higher in seedlings treated with
HS.

The HA stimulated lateral rooting significantly for both
species, reflecting in increases to root density, fresh and
dry masses (Figures 2A and 3). The growth of the main
roots was strongly inhibited by the HA in a behavior
typical to plants treated with auxins (Dobbss et al., 2007;
Zandonadi et al., 2007) (Figure 2B). Auxin is a key
hormone for the regulation of lateral root emission in
plants (Blakely et al., 1982). As expected for effects of
exogenously applied hormones, auxin action on the root
development is dependent on its concentration as
reported by Mulkey et al. (1982). Casimiro et al. (2001)
demonstrated that polar transport of auxin in both
directions, basipetal (from the tip towards the base of the
root) and acropetal (from the base towards the tip of the
root) is necessary for the initiation and emergence of
lateral roots. Stimulation of lateral roots emission and

shortening of the main root, at the same time, resulted in
an increase in the average density of lateral roots of 75
and 111% for L. racemosa and R. mangle respectively,
when compared to their control groups (Figure 2A).

The greater effect of HA on fresh and dry weight of
roots was observed in seedlings R. mangle (Figure 3).
The promoted HA increases in the length of lateral roots
in the order of 69 and 183% in L. racemosa and R.
mangle respectively, when compared to their control
groups (Figure 2C). According to Conceicéo et al. (2008),
root growth occurs in two stages: Meristematic growth
and vacuolated growth; the latter occurs in the stretching
zone and is characterized by rapid expansion of cells,
sustained by increased water uptake by the vacuoles
through turgid pressure. Moreover, Cosgrove (1998) and
Zandonadi et al. (2007) found that HA isolated from
various sources of organic matter strongly stimulates the
pumping of H" by V-ATPase and H'-pirofosfatase. Also,
Canellas et al. (2010) and Dobbss et al. (2010) observed
that different humified materials are capable of promoting
growth and various changes in the geometry of the root
system, improving uptake of water and nutrients and
resulting, as observed, in higher fresh plant mass and
root growth.

The FA, extracted from the HS obtained from the
mangrove sediment, also stimulated plant rooting
significantly, markedly changing the root architecture of L.
racemosa and R. mangle seedlings (Figures 2 and 3).
Dobbss et al. (2007) observed similar results, where the
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Figure 4. (A) pH monitoring of the solution containing Rizophora and Laguncularia seedlings after treatment with the humic substances best
concentrations obtained in the preliminary assay dose-response (5.57 and 5.37 mmol L™ C respectively). (B) Extrusion of H" (in mol of H* per
gram of dried roots) by dry mass roots of Rizophora and Laguncularia after treatment with the humic substances best concentrations

obtained in the preliminary assay dose-response (5.57 and 5.37 mmol C L™ respectively).

authors found significant stimuli of the fraction FA to
rooting Arabidopsis seedlings both in number and in
length of lateral roots. The FA (that corresponds to the
soluble humic fraction of the HS), at any pH value,
caused an increase in lateral roots density of 196% in R.
mangle seedlings and 84% increase in L. racemosa
seedlings, when compared to their respective control
groups (Figure 2A).

Results obtained regarding main root length were quite
contrasting. An increase in the length of the main root in
R. mangle and a reduction of main root length in L.
racemosa seedlings after treatment with FA (Figure 2B)
was observed. According to Zandonadi (2010), this
difference between species is due to the fact that, the
regulation of root architecture is quite complex and
varies, both, in different species and within the same
species.

Regarding dry and fresh root masses, it could be
observed the same contrasting tendency as in main root
length, an increase in plant mass to R. mangle and a
decrease in plant mass to L. racemosa (Figure 3). In
relation to lateral root length, significant increases were
observed in both species when treated with FA (Figure
2C). According to the traditional view of the chemical
structure of HS, it was postulated that "in the rhizosphere,
the interaction between roots and the organic matter is
possible when the humic molecules present in the soll
solution are small enough to flow through the apoplast
and reach the plasmatic membrane" (Muscolo et al.,
2007). Thus, other works described in literature (Nardi et
al.,, 2002 and Quaggiotti et al., 2004) consider that only
the FA, known as the fraction of organic matter with
lowest molecular mass, could promote increments to
growth and changes in the energetic metabolism of
plants. However, according to our results, we can

reinforce the idea that regardless of molecular size
(Canellas et al., 2010) different humidified fractions can
stimulate plant growth in various ways and for different
plant species. The findings of this study also collaborate
with the data previously obtained by Aguiar et al. (2009)
using exclusion chromatography on sephadex gel, that
did not found any relationship between the molecular
mass distribution and the bioactivity of HS.

Measure of acidity in the growing solution - estimate
of the activity H" -ATPase

Figure 4 shows the pH measures of the medium
containing L. racemosa and R. mangle seedlings treated
with and without (control) HS extracted from the
mangrove ecosystem. The increase in acidity of the
solution was observed in treatments in which HS
exposed the plants for 48 h. These results corroborate
with those obtained by Dobbss et al. (2008) and Silva et
al. (2015) which also observed increases in acidity of
solutions containing Arabidopsis thaliana seedlings
treated with humic materials extracted from the Paraiba
do Sul River and solutions with seedlings of Cattleya
warneri treated with HA from vermicompost, respectively.
Zandonadi et al. (2010) directly related root acidification
with specific activity of H'-ATPase in seedlings roots
treated with HA and recently Aguiar et al. (2013)
positively correlated proton extrusion in seedlings roots of
corn plants treated with the HA isolated from many
vermicomposts with the activity of H'-ATPase of
plasmatic membrane. According to Aguiar (2011)
increased acidity of the medium may be primarily
associated with two main factors: (i) Production of CO, by
root respiration, as the breathing process produces CO,,



that dissolves in to the medium and causes a reduction of
pH; and (i) An increase in H" extrusion, possibly
associated with the activity of HS on H*-ATPase.

As recently reported by Aguiar et al. (2013), despite the
acidity alterations provided by exposing the seedlings to
HS not being exclusively related to stimulation of H"
pumps, it may be suggested that this simplified method
may be used in the study of physiologically active HS.
These results were expected since the cell growth
promoting mechanism is mediated by the H*-ATPases in
a process known as "acid growth theory." The process of
H'-ATPases activation that culminates in cell expansion
starts with the generation of the H" gradient and lowering
of the pH, provided by the accumulation of H* in the
extracellular side (Hager, 2003).

Therefore, based on the data obtained one can
estimate that, at least in part, the measures of acidity in
solutions containing plants treated HS is probably related
to the activity of H'-ATPase (increase in H* extrusion) in
the plasmatic membrane.

Conclusions

Different humic materials (HS, HA and FA) isolated from
mangrove forest sediment, from the EEMIL region,
presented the ability to modify the architecture of root
systems in R. mangle and L. racemosa, leading to
increases in the number and length of lateral roots, and
also the fresh and dry mass weight of roots. The humic
substances, when in solution, acted as regulators of plant
growth, since, possibly, were able to stimulate the activity
of H-ATPase by acidity measurements in solution
assays.
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