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Abstract

The tomato is one of the vegetables that have the highest production worldwide, so for its
fertilization and pest control products of synthetic origin are used, which affect the ecosystem
where they are applied, for this reason biologically sustainable alternatives are sought. One of these
alternatives is the use of microbial metabolism, an example of this is Botryodiplodia theobromae,
a phytopathogenic fungus capable of producing phytohormones from its metabolism, such as
indolacetic acid (IAA). However, exogenous application of this phytohormone exhibits accelerated
degradation when in contact with environmental factors. An alternative to minimize this effect is
encapsulation with the use of biopolymeric materials that have the ability to coat the phytohormone
and at the same time allow to increase the effectiveness of the product. In this work, the
encapsulation efficiency (EE) of IAA from microbial broth was evaluated by liquid fermentation
of B. theobromae in alginate/chitosan nanoparticles (Np) (ALG/QS); as well as its biological
effectiveness represented in morphological development patterns in tomato plants. The results
showed that IAA was produced from the microbial metabolism of Botryodiplodia theobromae,
which once encapsulated reached an EE of 90%, as well as various particle sizes. Regarding the
biological effectiveness in tomato plants, it was observed that the Np loaded with microbial broth
and synthetic grade IAA showed a significant difference in most of the morphological parameters
evaluated compared to the absolute control. Therefore, nanosystems loaded with biostimulants are
shown as a future alternative for the application of biostimulants in vegetables such as tomatoes.
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Introduction

The tomato (Solanum lycopersicum) is one of the vegetables that is most cultivated worldwide
as a national level for its fresh and industrial consumption, in Mexico the production is up to 2
875 164 tons (SIAP, 2018). However, the crop faces a series of difficulties such as inadequate
management of fertilization, varieties with short production cycles, attack by pests and
diseases.

Currently the solution to these problems is the excessive use of synthetic products that increase the
yield of tomato production, one of the main biological assets are stimulants and within this group
plant growth regulating hormones stand out for their versatile application (Terry et al., 2010).
Growth regulators are defined as natural or synthetic compounds that interfere in plant
development processes, these when applied exogenously in commercial crops increase and
improve the production and quality of the crops and products obtained, which is why they are
widely used in agriculture (Rademacher, 2015).

These substances play an important role within plants, which use them in low concentrations,
acting at the cellular level during different stages of development, within this group, the most
relevant so far are gibberellins, auxins, cytokinins, jasmonic acid and ethylene (Santo-Pereira
et al., 2017).

Indoleacetic acid (IAA) is the most important natural auxin present in most plants. It is a plant
hormone that regulates various processes such as: growth, cell division and root formation,
among others. Currently the most used auxins are those obtained by chemical synthesis;
however, due to the environmental pollution problems that exist, its use begins to be limited,
so that obtaining this hormone through systems that are more committed to the environment
becomes relevant.

An alternative to this problem may be metabolic synthesis from mycoorganisms (Castillo et al.,
2005). Studies have shown that there are microorganisms capable of producing phytohormones as
part of their metabolism, a representative of this type of microorganisms is the Botryodiplodia
theobromae fungus, which has the ability to produce phytohormones and one of the most prominent
is IAA, which when applied exogenously, it can be efficient to increase plant growth and
development (Rohwer and Erwin, 2010; Andolfi et al., 2014).

A great disadvantage in the use of phytohormones is that they can lose their biological efficiency
due to environmental factors such as oxidative degradation, humidity, UV light, temperature and
the leaching of compounds due to rains (Armendariz-Barragan et al., 2016; Bakry et al., 2016).
Due to this problem, it is convenient to explore and investigate new technologies in order to
develop alternatives regarding their application, one of these is the use of nanotechnology (Lugo
et al., 2010; Agrawal and Rathore, 2014; Campos et al., 2014).

That thanks to its virtues makes the application of doses efficient, managing to decrease the amount

of active ingredient, as well as guarantee a lower impact on the environment (Nuruzzaman et al.,
2016). Within nanotechnology, the production of nanoparticles (NP) for encapsulation of active
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ingredients using natural polymers such as chitosan and alginate that allow controlled release and
protection of the active ingredient emerges as an option for the application of phytohormones
(Bakry et al., 2016).

There are various methods for the production of Np, among which nano-precipitation, drying spray,
ionic pre-gelation, coacervation and extrusion stand out, all of which are effective for the
encapsulation of compounds, but differing in costs and times in terms of production process.

The ionic regulation method is extremely attractive due to the use of biopolymers that can be
acquired naturally (Nedovic et al., 2011; EI Asbahani et al., 2015; Armendariz- Barragan et al.,
2016; Jia et al., 2016). The objective of this work was to produce Np of chitosan and alginate
loaded with IAA of microbial origin, as well as the evaluation of its biological efficiency in tomato
model plants.

Materials and methods

B. theobromae fermentation process for the production of phytohormones
Obtaining the B. theobromae strain

The B. theobromae strain was obtained from the microbiological collection of the Laboratory of
Mycology and Biotechnology of the Department of Parasitology of the Autonomous Agrarian
University Antonio Narro. The strain was isolated from cocoa fruits from the southeast of Mexico.
The conservation increase and development of the microorganism was carried out using the potato
dextrose agar (PDA) culture medium.

Production by liquid fermentation of IAA

The fermentation process to obtain the IAA was carried out using the methodology proposed by
Michelena (2001). 500 mL Erlenmeyer flasks were used with 250 mL of Miersh medium (Sucrose
50 g L?, KNO33gL?; MgSOs 7H20 0.2 g L KCI1 0.1 g LY FeSOs4. 7H20 0.01 g L, ZnSO..
7H,0 0.01 g L%, MnS0O4 0.001 g L; NazMoO4 2H,0 0.001 g L; CuSO4 5H.0 0.001 g L™* and
yeast extract 0.1 g L™ modified).

The flasks with the culture medium were autoclaved at 15 Ib pressure for 15 min and inoculated
with three portions of mycelium with culture medium 5 mm in diameter of the B. theobromae strain
and incubated in complete darkness by 15 days at a constant temperature of 28 °C without agitation
or aeration (Eng et al., 2008).

IAA quantification
For the calibration curve, IAA reactive grade from the commercial company Sigma Aldrich was
used. The determination and quantification of IAA from the fermentation of B. theobromae was

initially performed with a chemical concentration of the microbial broth, using the broth
supernatant to which an equal volume of ethyl acetate was added as solvent.
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Subsequently, the concentration of the liquid was carried out to absolute drying using a lyophilizer,
once the dry material was obtained, it was suspended in methanol and the quantification was
performed using the microplate technique proposed by Anguiano et al. (2017). For the calibration
curve, 100 pL of solvent (methanol) were placed in the row of a microplate, then 100 pL of stock
solution at 100 ppm were added to the first line.

To obtain a first point of 50 ppm, 100 puL was mixed and transferred to the second line (25 ppm).
This procedure continues until line 11 is the concentration 0. Add 100 pL of the developer
Salkowski to each well, incubated for 30 minutes and read at 520 nm. Each of the determinations
was made in triplicate (Anguiano, 2017).

Np production

For the production of Np, the ionotropic pregelation method proposed by Sarmento (2006) was
used. For this, 3.75 mL of CaCl solution was added to 59 ml of sodium alginate solution
(0.037% pH 4.9) with a peristaltic pump (Ismatec, EW-78000-03) under constant and vigorous
agitation, later with the same peristaltic pump 12.5 mL of chitosan solution (0.07%, pH 4.6)
were added to the CaCl, and sodium alginate solution and maintained at again in constant
vigorous stirring for 90 min. This procedure was performed with the presence of the hormone
(AG/QS/IAA), with the microbial broth (AG/QS/broth) and without the presence of the
hormone (AG/QS).

Np characterization

Np with and without the presence of the hormone was characterized in terms of size,
distribution and zeta potential. For measurements, samples were diluted to a concentration
suitable for analysis, dilutions were made with distilled water. The distribution and sizes of the
nanoparticles were determined using the dynamic light scattering technique (DLS), (NanoSight
NS 300, Malvern).

The samples were analyzed in triplicate, at 25 °C, with the scattered light detected at a 90° angle.
For the determination of the zeta potential (mV) the samples were evaluated in triplicate, at 25 °C,
using the equipment (ZETA-check, Colloid metrix). Regarding the pH concentration, a previously
calibrated potentiometer (ion meter 450, Corning) was used. Finally, to determine the dry weight,
the samples were centrifuged and then lyophilized to remove excess liquid, once dry they were
weighed on an analytical balance.

Encapsulation efficiency

To determine the encapsulation efficiency (EE), the solution was centrifuged with Np at 14 000
rpm, at 10 °C for 15 min, then a sample of the supernatant was taken and lyophilized. To determine
the concentration of the hormone in the supernatant. The reading was made in a UV-vis
spectrophotometer at a wavelength of 520 nm. This was done in triplicate. Encapsulation efficiency

was evaluated using the formulas proposed by Wohlfart et al. (2011). EE%=
AIA weight loaded in Np <100 LC%= AIA weight in the formulation. <100

AIA weight initially used AIA weight - loaded NP
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Biological effectiveness of Np in tomato plants

The experiment was established in a bioclimatic chamber, at a temperature of 26 °C, with photo
periods of 12 h and a relative humidity of approximately 70%. Under these conditions and in
germination trays with a sterile substrate, tomato seeds (Solanum lycopersicum), variety Rio Grande,
were sown. When they reached a height of 10-15 cm, they were transplanted into plastic containers.

To determine the biological effectiveness, 6 treatments were evaluated: T1= Np without loading;
T2= Np loaded with IAA reactive grade 140 mg L!; T3= Np loaded with 140 mg L™ microbial
broth; T4= IAA reactive grade 125 mg L; T5= 125 mg L™ microbial broth and T6= absolute
control, a plant was taken as the experimental unit and each of the treatments had eight repetitions.
The treatments were applied at the time of the transplant, as well as at 15, 30 and 45 days after the
first application.

These were carried out with the help of atomizers by spraying directly on the foliage of the plants
and the amount used was about to spray, the concentration of the treatments was estimated in
relation to the dry weight obtained from the production of nanoparticles and the content of hormone
encapsulated, so that the treatments were prepared from the dissolution of the product obtained
from drying by lyophilization and subsequently resuspended in an estimated volume of water from
the expense generated in a preliminary test to completely cover the foliage of a tomato plant with
the previously established conditions.

Data were collected regarding the morphometric parameters presented by the plants which were:
stem diameter, plant height, number of leaves and chlorophyll content expressed by SPAD 502
units (Minolta). The results obtained were analyzed using the Tukey mean comparison test at
0.05% significance, using the SAS statistical program.

Results and discussion

IAA production by liquid fermentation

The production of IAA from B. theobromae was achieved by liquid fermentation in a medium rich
in carbohydrates. According to the IAA quantification obtained by the strain used, it was
determined that it produces, on average, a final concentration of 125 ppm.

Research has shown that the B. theobromae strain has the ability to produce this hormone, Castillo
(2014) who carried out a similar work to this work with two strains of B. theobromae obtained
different production values of 176 and 130 ppm of IAA. This indicates that the production of IAA is
influenced by the capacity that different strains of B. theobromae may have to produce this hormone.

Np characterization

The size of the Np ALG/QS presented values of 123 £23.5 nm, for the Np of ALG/QS/IAA of 247
+26.6 nm and finally for the Np of ALG/QS/broth the values obtained were 220 £10.1 nm,
suggesting that possibly the addition of the synthetic hormone, as well as the addition of the
fermentation broth filtrate did not affect the structure of the Np, however, it did increase in size
compared to the uncharged Np.
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This behavior can be attributed to the interaction that occurred between the biopolymers and the
added hormones, when the compound is mixed with an alginate solution at pH 7, it acquires a
cationic form that strongly interacts with the negatively charged alginate, it is believed that the
ionic interaction generated is contributing to the decrease in size and dispersion (Table 1) (Choe et
al., 2005).

Table 1. Values obtained of particle size, Z potential, PH and NP weight formed by ALG/QS,
ALG/QS/IAA and ALG/QS/broth.

Characteristics ALG/QS ALG/QS/IAA ALG/QS/BROTH
Tamafio (nm) 123 +23.5 247 £ 26.6 220 £10.1
Potencial zeta (mV) -31.1 £ 0.57 -30.33£2.3 -33.63 £4.09
pH 3.5+0.26 3.13+£0.2 3.10+£0.26
Peso (g) 0.08 £0.01 0.1+1.69 0.37 £ 0.46

+= standard deviation; ALG/QS= alginate/chitosan; ALG/QS/IAA= alginate/chitosan/indolacetic acid;
ALG/QS/BROTH= alginate/chitosan/microbial broth.

The literature mentions different sizes of ALP/QS Np, using the same technique; an example is
reported by Azevedo et al. (2014), who obtained Np’s with sizes of 100-120 nm, while Rampino
et al. (2013), produced nanoparticles of 500nm and 4000nm size which show larger sizes than
those obtained in this work. This may have been due to chemical interaction with the negatively
charged alginate.

The Np characterization study found that on average the Zeta potential values for the ALP/QS Np’s
was -31.1 mV (Table 1). The zeta potential indicates colloidal stability, taking as a reference that
particles with Zeta potential above +30 mV or below -30 mV are generally considered stable (Silva
etal., 2011).

The charges are related to the components that were used in the production of Np, there are reports
that the Np negative Zeta potential of ALG/QS is due to the carboxyl groups of sodium alginate,
which are ionized at pH 4.9 (Costa et al., 2015). Regarding the chemical stability of the polymers
evaluated, the final pH of the Np’s ALG/QS, ALG/QS/IAA and ALG/QS/ BROTH was 3.5, 3.13
and 3.1 respectively, these values being similar between them without any change significant,
indicating the absence of hydrolysis of the systems used.

The ability of the ALG/QS Np to encapsulate IAA as well as the fermentation broth was
evaluated through the determination of encapsulation efficiency and loading capacity (CC). EE
of IAA in Np was 90%, similar behavior was presented in the study carried out by Zhang et al.
(2010), who obtained an EE between 58 and 80%, while Azevedo et al. (2014) obtained 55%
of EE.

The high levels of encapsulation efficiency in biopolymers with bioactive substances and the

smaller size of the Np obtained in this work can be attributed to the chemical interaction that occurs
between the Cax+ ions of the sodium alginate and chitosan molecules (De Melo et al., 2013).
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Biological effectiveness

The results obtained from the morphometric measurements showed that, in relation to the plant
height variable, the treatments showed a statistical difference against the absolute control, but not
between them (Figure 1).
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Figure 1. Biological activity of the different treatments on tomato plants 45 days after the first
application of the treatments. a) height of the plant; b) stem diameter; ¢) number of leaves;
and d) chlorophyll in leaves. The statistical analysis used was Anova (Tukey, p< 0.05), where
values with the same letter are statistically equal.

All the treatments induced a greater height in relation to the absolute control, being the reactive
grade 1AA treatment the one that gave the highest numerical height with a value of 56.6 +3.3
cm followed by the Np loaded with microbial broth and Np unloaded with 55.3 £3.21 cm.

The higher plant height obtained in the treatments is attributed to the application of auxins, as
well as to the compounds with possible unidentified biological activity present in the microbial
broth, likewise there are reports that the CaClz used in the production of Np reduces stress in
plants, increasing their quality and size (Santo-Pereira et al., 2017).
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Regarding the stem diameter, it was observed that statistical differences between the treatments
were presented (Figure 1), with the reactive grade IAA treatment having a larger stem diameter
than that obtained by the absolute control, having a diameter of 5.52 £0.04 cm and the IAA reactive
grade 6.74 £0.34 cm.

The increase observed by the exogenous application of IAA may be due to the fact that it promotes
the development and acceleration of cell division in plants (Xu et al., 2012), in this sense Hadi et
al. (2010) observed an increase in plant growth, as well as an increase in biomass due to the
application of 1AA by spraying. Regarding Np, the increase in diameter can be attributed to the
biostimulant action of alginate on various physiological processes in plants, such as: root
elongation and cell division (Hussein & Hamideldin, 2014).

In the case of number of leaves, the statistical analysis showed a significant difference between the
treatments against the absolute control (Figure 1). Of the treatments applied to tomato plants, it
was shown that the treatment of Np loaded with microbial broth was the one that induced a greater
production of leaves in the plants. In this sense, it has been reported that the increase in aerial
biomass can be stimulated for its potentialization with the exogenous application of various
concentrations of IAA in a wide variety of plants (Garcia-Corzo, 2015).

In the case of chlorophyll in leaves, a statistical difference was observed between the treatments
against the absolute control, while among the treatments, the treatment with Np loaded with
reactive IAA was the one that produced the highest level of chlorophyll in the leaves with a value
of 48.82 £6.35 SPAD units. This may be due to the exogenous application of phytohormones such
as IAA accelerating biological activity, causing an increase in photosynthetic activity and an
increase in leaf chlorophyll (Tucuch-Haas et al., 2015).

Conclusions

IAA was produced by liquid fermentation of B. theobromae, which was subsequently used
optimally as an active ingredient in the formation of Np from ALG/QS. The physical-chemical
evaluation of the Np loaded with IAA showed a stability and an encapsulation efficiency level
superior to that mentioned by the literature, in the same way the evaluation of biological efficiency
under controlled conditions for the development of tomato plants presented superior results with
regarding the control treatment used, demonstrating that the application of nanosystems loaded
with biostimulants of microbial origin are beneficial in increasing morphological parameters of
vegetables of commercial interest.
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