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Article 
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esculentum L.) 
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* Correspondence: sary_cueto@hotmail.com  

Abstract: Exogenous auxins such as indole-3-acetic acid (IAA) can modulate the effect of a plant's endogenous 
auxins. The objectives of this work were to quantify the concentration of IAA in sand-based substrates with 
vermicompost (S-VC), to establish the relationship between the concentration of exogenous IAA and the 
amount of vermicompost (VC), as well as determine its influence on the development of tomato plants. S-VC 
substrates with different percentages based on volume (0, 20, 40 and 50% VC) placed in pots, with five 
replicates and randomly distributed, were used to transplant tomato seedlings. In each substrate, the 
concentration of IAA was determined at the beginning and at the end of a culture cycle, as well as the microbial 
load; In addition, some performance components were measured in the plants. The results showed that gram-
positive bacteria were found in the substrates with VC, whose colony-forming units were related to the 
concentration of IAA and the amount of VC in the substrates. Therefore, the IAA concentration presented a 
linear and positive relationship with the amount of VC in the substrates (R2 = 0.9171, at the beginning and R2 = 
0.9712, at the end of the experiment). 

Keywords: Lycoprsicum esculentum; auxins; organic agriculture; pumice; organic substrate 
 

1. Introduction 
The activation of phytohormones or plant hormones, endogenous organic compounds in plants, 

depends on several factors [1,2]; these compounds regulate different functions such as plant growth 
or development, seed and fruit ripening, leaf fall, flowering time, and plant longevity [3]. The main 
plant hormones are auxins, gibberellins, cytokinins, abscisic acid, ethylene, jasmonates, salicylic acid, 
and brassinosteroids, of which, jasmonates and salicylic acid are of recent discovery and mainly 
participate as signal molecules to activate defense against pathogen attacks [4]. Auxins are hormones 
primarily involved in plant growth; these hormones are mostly synthesized in young leaves, in what 
is known as shoot apical meristems [5]. One of the most relevant natural auxins is indole-3-acetic acid 
(IAA), and its presence has been reported even in organic fertilizers such as vermicompost (VC) [6–
9]. The origin of VC is organic matter, which can be composed of plant or animal waste in any state 
of decomposition, as well as fruit and vegetable waste degraded by the action of microorganisms and 
enzymes as well as by the passage of this material through the digestive tract of earthworms [8,10]. 
The presence of auxins in VC has been largely associated with the presence of auxin-producing 
microorganisms [11]; among the genera that can be mentioned are Agrobacterium, Azotobacter, 
Azospirillum, Bacillus, Pseudomonas, and Serratia [12–14]. In this regard, VC has gained great interest 
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for the improvement of agricultural practices and from an economic point of view [15]. The extraction 
of growth hormones in VC has been performed through organic solvents and an ultrasound bath for 
quantification by high-performance liquid chromatography (HPLC), coupled with mass 
spectrometry [9]. However, these types of techniques require a preparation time and cannot be used 
as routine assays due to their high costs [16]. Hence, colorimetric methods are an alternative for 
quantification of IAA [12]. On this matter, Wöhler [17] indicated that the concentration of IAA, a 
product of soil microorganisms, could be determined in soil by colorimetric methods while the use 
of HPLC allows for describing the individual indoles and the different pathways; thus both methods 
can be complementary. This allows deducing that, if the VC is a product of the passage through the 
digestive tract of the worms, this material would have a microbial load that would produce IAA, 
therefore the IAA found in the VC could be quantified by colorimetric methods and related to the 
presence of bacteria in the material. This indicates that the concentration of IAA would be directly 
proportional to the amount of VC used for this purpose. As mentioned above, auxins are the main 
phytohormones involved in plant growth and are a key regulator of almost all aspects of plant 
development [18]; hence the importance of such substances in crop development. One of the most 
economically important crops in the world is tomato (Lycopersicum esculentum L.) [19–21]. Mexico is 
one of the main suppliers of tomato worldwide, with an international market share of 25.11% of the 
value of world exports [22]; 95.70% of the production is technical, which makes this activity a sector 
of higher productivity, minimizing the possible damages caused by environmental conditions, pests, 
or diseases [23]. In this regard, Ren et al. [24] reported that auxins in tomato plants play an important 
role in their development process, root and stem growth, and organ senescence; however, this activity 
can be modulated by exogenous auxins [25] such as those contained in VC. Considering this, it is 
likely that when growing tomato plants in substrates containing VC, the concentration of IAA found 
in the VC of the substrate would influence the development of tomato plants. Based on the above, 
the objectives of this work were to quantify the concentration of IAA in vermicompost from fruit and 
vegetable wastes and in substrates of sand-based mixtures with VC in order to establish the 
relationship between the concentration of IAA and the amount of vermicompost added to the 
substrate, to determine the bacterial load of these substrates, and to establish their influence on the 
development of tomato plants. 

2. Materials and Methods 
The research was conducted in a greenhouse of the Instituto Tecnológico de Tlajomulco, located 

at kilometer 10 of the Tlajomulco-San Miguel Cuyutlán highway, municipality of Tlajomulco de 
Zúñiga, Jalisco, Mexico. 

The experiment was implemented in four stages, as described below: 

2.1 Description and Preparation of the Materials for the Experiment  
The substrates used were mixtures of vermicompost (VC) and sand (S). The VC was provided 

by the Laboratory of Plant Production of the Centro Universitario de los Altos of the Universidad de 
Guadalajara (Tepatitlán de Morelos, Jalisco). This organic material was prepared from fruit and 
vegetable wastes composted by Californian red worms (Eisenia fetida). The sand was obtained from a 
sandbank located in the town of San Miguel Cuyutlán, in the municipality of Tlajomulco de Zúñiga; 
it was sterilized in a Felisa model FE-399 automatic autoclave for 20 min. at 121 °C and with a pressure 
of 15 lb, to avoid the possible action of microorganisms that the material might contain. 

The plant material used to evaluate the substrates was tomato (Lycopersicum esculentum L.), Río 
Grande variety. This is a variety of indeterminate growth and is characterized by its resistance to 
heat, drought, diseases, and parasites [26]. 

2.2 Treatment Preparation 
Substrates were prepared with S and VC for greenhouse tomato production, as described by 

Rodríguez et al. [27]. S-VC were mixed in three proportions based on volume (T1: 80-20, T2: 60-40, 
and T3: 50-50%), which represented the different treatments (Table 1); in addition, there was a control 
with 100% S (T0). 

Table 1. Proportions of substrates in treatments. 
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Tmt 1 S (%) VC (%) 
T0 100 0 
T1 80 20 
T2 60 40 
T3 50 50 

1 Tmt: treatment; S: sand; VC; vermicompost. 
 
The required amount of substrate materials (Table 2) for each treatment was determined from 

the percentage that would be added to each of them. Since the pots (cylindrical-shaped plastic bags) 
were 14 L, the volume of the substrate was calculated with Equation 1. 

 
                             ܸܵ = (௩௠)(௙)

ଵ଴଴
                              (1) 

 
where: VS is the volume of substrate to be used (L); vm is the total volume of the pot to be used 

in L; f is the percentage of substrate or treatment required. 
Once the volume of the substrate was obtained, the weight required for each of the substrates 

was calculated using Equation 2. 
 
ݏܲ                            =  (2)                            (ܸܵ)(݀ܤ)
 
where: Ps, is the weight of substrate required (g); Bd is the bulk density of substrate; VS is the 

volume of substrate to use. 

Table 2. Volume and height of sand and vermicompost used in the treatments preparation 

Tmt 1 
Sand  Vermicompost 

fS 
(L) 

PsS 
(kg)  

fVC 
(L)  

PsVC 
(kg) 

T0 14.00 15.86 0.00 0.00 
T1 11.20 12.76 2.80 2.01 
T2 8.40 9.57 5.60 4.03 
T3 7.00 7.98 7.00 5.04 

1 Tmt: treatments; fS: volume of sand; PsS: height of sand; fVC: volume of vermicompost; PsVC: height volume. 

Each treatment mixture was homogenized; subsequently, a sample (approximately 1 kg) was 
taken for physical and chemical characterization in the laboratory where it was dried at room 
temperature in the shade; the rest of each mixture was placed in the pots. The treatments and control 
had five replicates, resulting in 20 experimental units (EU). Each EU consisted of a pot with substrate 
and a tomato plant. The distribution of pots in the greenhouse was completely randomized. 

2.3 Physical, Chemical and Microbiological Characterization of the VC, A, and Treatments Materials 

2.3.1. Vermicompost Analysis 

The characteristics determined in the VC were pH, electrical conductivity (EC), percentage of 
organic matter (OM) by calcination; the amount of organic carbon (OC), being the result of dividing 
the OM percentage by the Van Benmelen factor (1. 724). Total nitrogen (TN) by the Kjeldahl method, 
C/N ratio (where C is OC and N is TN). The cation exchange capacity (CEC) by ammonium acetate 
pH 7, 1N; soluble cations, and bulk density (Bd); these as established by the Mexican Standard for 
Worm Humus NMX-AA-180-SCFI-2018 [28]. 

2.3.2. Sand Analysis 

In the S, physical and chemical characteristics were obtained, such as mechanical analysis of 
particle size, pH, EC, OM (Walkley and Black) and OC, TN (Kjeldahl method), C/N ratio, CEC 
(ammonium acetate pH 7, 1N), soluble cations, and Bd; according to the Mexican Official Standard 
NOM-021-RECNAT-2000 for soils [29]. 
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2.3.3. Treatment Analysis 

The parameters determined were the same as those analyzed for the S since the mixture of 
vermicompost and sand behaves like soil, therefore the methods to be used were based on the 
Mexican Official Standard NOM-021-RECNAT-2000 for soils [29]. 
2.3.4. Extraction of indoles from vermicompost and S-VC substrates 

IAA extraction from VC and S-VC substrates was performed using the method proposed by 
Zhang et al. [9], for which, samples of 5 g  of VC and each of the substrates were placed in test tubes 
of 100 cm3; then, for each gram of VC and substrate content, 2.8 ml of extractant solution was added 
to each tube. The mixture was subjected to an ultrasonic bath for 60 min to speed up the extraction. 
Subsequently, the mixture was centrifuged at 3500 rpm for 3 min. The supernatant was recovered by 
decantation and placed in porcelain capsules at room temperature overnight, to allow the solvent to 
evaporate. After this time, the dried residual material remaining in the capsules was reconstituted 
with 3 ml of 1 M formic acid. Finally, it was centrifuged at 6500 rpm for 6 min, recovering the 
supernatant. 

2.3.5. Indole Quantification by Spectrophotometry 

Prior to this step, the Salkowski reagent was prepared by combining 3.5 M perchloric acid with 
10 mM ferric chloride hexahydrate (FeCl3 6H2O); the solution was placed in the dark to avoid 
oxidation. A calibration curve was used to quantify the indole concentration. This curve was 
prepared with five concentrations (0, 10, 20, 30, 40 and 50 g mL-q) of indole-3-acetic acid [IAA] (3-
Indolacetic acid 98% purity from SIGMA-ALDRICH®), which were placed in test tubes. Separately, 
to each tube with the corresponding IAA concentration, Salkowski's reagent was added in 
proportions of 2:1 (v:v) and allowed to stand for 30 min in the dark at room temperature, as indicated 
by Celis and Gallardo [30]. After the rest time had elapsed, the samples were read in a UV-
spectrophotometer (Rayleigh, Vis-7220G) at a wavelength of 530 nm, from which the calibration 
curve was obtained with a coefficient of determination (R2) of 0.9804, which is presented in Equation 
(3). 

 
ݏܾܣ                        = 0.0102 ∗   (3)                            [ܣܣܫ]
 
where Abs is the absorbance at a wavelength of 530 nm; IAA is the concentration expressed as 

indole-3-acetic acid equivalents (Eq IAA) in g mL-1. 
Like the calibration curve, the extracts of the different treatments were prepared using 1 ml of 

each one, and the absorbance of each was obtained in order to estimate the concentration of Eq IAA 
in the treatments by clearing Eq IAA from equation 3, obtaining Equation (4). 

[ܣܣܫ]                            = ஺௕௦
଴.଴ଵ଴ଶ

                               (4) 
 
Where the variables have the same meanings as in Equation 3. 
The quantification of indoles in the substrates was carried out at the beginning and at the end of 

the experiment. 

2.3.6. Bacterial Plate Count  

The bacterial plate count was performed as established by Yáñez-Ocampo et al. [32], where the 
culture medium was standard agar (casein peptone 5 g; glucose 1 g; yeast extract 2.5 g; agar 15 g; 
water q.s to 1 L; BD Bioxon). Bacteria from each treatment were extracted with sterile water in decimal 
dilutions by shaking for 1 h; subsequently, 100 µl aliquots of the mixture were seeded in Petri dishes 
in standard agar medium and incubated at 30 °C for 24 h; finally, the colony-forming units in each 
dish were counted with a LEICA colony counter model 3325. 

2.4 Tomato Cultivation in Sand Substrates with Vermicompost 
Tomato seedlings were transplanted into plastic pots containing the different treatments, 

previously moistened. The plants received irrigation (1.5 L of water) every third day at noon to 
maintain available moisture for the plants. The control was adjusted with chemical fertilizer in order 
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to equal the amount of nutrients corresponding to T3 (50% VC) and to avoid a bias due to the lack of 
nutrients in the control. None of the plants were pruned, as is commonly done in this type of crop 
[33]. Every 15 days after transplanting (ddt) for two months, measurements of plant height (PH), 
stem diameter (SD), and leaf number count (NL) were taken to monitor plant development. After the 
two months, the number of flower clusters (FC), number of secondary stems (SS), and root length 
[RL], root volume [RV], and root dry weight [RW]) were counted. 

2.5 Statistical Analysis 
An analysis of variance (α = 0.05) was performed to determine the effect of the treatments on the 

concentration of Eq IAA, as well as to establish the influence of the treatments on the variables 
evaluated in the plant; in addition, a test of means by Tukey's method (p ≤ 0.05) was performed to 
identify the treatment with the greatest effect. Likewise, relationships were established by three linear 
regressions with a 95% significance level (p ≤ 0.05); in the first two, the amount of VC in the treatments 
was considered an independent variable, while the concentration of Eq IAA (beginning and end of 
the experiment) and CFU (end of the experiment) represented the dependent variables. In the third 
relationship, CFU was considered an independent variable, and Eq IAA concentration a dependent 
variable. The statistical program used during this stage was Minitab 17 [34]. 

3. Results 
This section may be divided by subheadings. It should provide a concise and precise description 

of the experimental results, their interpretation, as well as the experimental conclusions that can be 
drawn. 

3.1. Characteristics of the Vermicompost 
The VC presented TN and OM contents (2.24 and 48.15%, respectively), with a pH of 7.3 and an 

EC of 2.1 dS m-1, as well as a CEC of 130 cmol(+) kg-1 and a Bd of 0.72 g cm-3. These values are within 
the reference range for vermicompost (Table 3), though the soluble or available cations were lower 
than those of the reference. The K and Mg contents were high (0.78 and 0.45%, respectively). Only 
the soluble Ca content and extractable phosphorus could be considered low. However, vermicompost 
has an extra quality. 

Table 3. Physical and chemical parameters of vermicompost. 

Characteristics Reference 
range 1 

VC 
Data 

TN 2 (%) 1.00 – 4.00 2.24 
OM (%) 20.00 – 50.00 48.15 

C/N ≤ 20.00 12.36 
Moisture (%) 20.00 – 40.00 30.00 

pH 5.50 – 8.50 7.30 
EC (dS m-1) ≤ 4.00 2.10 

CEC (cmol(+) kg-1) > 40.00 130.00 
Ca (%) 2.00 – 8.00 0.11 
Mg (%) 1.00 – 2.50 0.45 
K (%) 1.00 – 2.50 0.78 
P (%) 2.00 – 8.00 1.20 

Bd (g cm-3) 0.40 – 0.90 0.72 
1 NMX-AA-180-SCFI-2018 [28]; VC: vermicompost. 2 TN: Total nitrogen; OM: organic matter; C/N: carbon-
nitrogen ratio; EC: electric conductivity; CEC: cationic exchange capacity; Bd: bulk density. 

In addition, bacteria of the genus Bacillus spp. were mostly identified in the VC. Furthermore, 
this material had a concentration of Eq IAA of 0.686 µg mL-1 (0.572 µg g-1 of auxins). 

3.2. Physical, Chemical, and Biological Characteristics of the Treatments 
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The physical and chemical characteristics of the substrates (treatments) showed differences (α = 
0.05) between treatments (Table 4). For example, pH decreased as the amount of VC increased in the 
substrate mixtures; it went from a slightly alkaline pH (T0, pH = 7.8) to a neutral pH (T3, pH = 7.4). 
This trend was maintained in the Bd (from 1.16 to 1.04 g cm-3). In contrast, the rest of the chemical 
characteristics had an inverse behavior. In the case of CEC and the concentration of available cations 
(Ca, Mg, K, and P), it was detected that, as VC increased in the treatments, CEC and the concentration 
of cations increased; T3 being the treatment with the highest concentration and a CEC of 51.77 cmol(+) 
kg-1. A relevant aspect is that the cation with the highest concentration was K+ at T3 (0.28%); similar 
to what occurred with OM, TN, and P within treatments. 

Table 4. Physical and chemical characteristics of the treatments. 

Tmt 1 OM TN pH Bd EC CEC K Ca Mg P 
 (%) (%)  (g cm-3) (dS m-3) (cmol(+) kg-1) (%) (%) (%) (ppm) 

T0 0.41 d2 0.01 c 7.8 a 1.16 a 0.09 c 24.89 d 0.18 c 0.01 c 0.04 c 0.75 d 
T1 2.56 c  0.21 c 7.6 b 1.06 b 1.00 b 30.89 c 0.22 b 0.02 b 0.08 c 28.1 c 
T2 5.65 b 0.44 a 7.4 c 1.04 b 1.32 a 45.01 b 0.27 a 0.03 a 1.14 b 68.7 b 
T3 6.31 a 0.47 a 7.4 c 1.04 b 1.36 a 51.77 a 0.28 a 0.03 a 1.22 a 88.1 a 

SHD 1.52 0.22 0.18 0.05 0.21 4.45 0.03 0.005 0.07 16.23 
1 Tmt: treatments; OM: organic matter; TN: Total nitrogen; Bd: bulk density; EC: electric conductivity; CEC: 
cationic exchange capacity; K: available potassium; Ca: available calcium; available magnesium; P: available 
phosphorus. 2 Different letter in same column indicate significant differences between treatments (Tukey, p ≤ 
0.05); SHD: significant honest difference.   . 

At the start of the experiment, the concentration of Eq IAA between treatments (Table 5) was 
different (α ≤ 0.05). 

Table 5. Concentraciones Eq. de auxinas en sustratos al inicio y al final del experimento. 

Tmt 1 Eq IAAi ± σ Eq IAAf ± σ 
 (µg g-1) (µg g-1) 

T0 0.0 ± 0.00 d 2 0.0 ± 0.00 c 
T1 0.055 ± 0.05 c  0.101 ± 0.50 c 
T2 0.163 ± 0.50 b 0.290 ± 0.50 a 
T3 0.274 ± 0.02 a 0.310 ± 1.02 a 

SHD 0.104 0.085 
1 Tmt: treatment; Eq IAAi: initial indole-3-acetic acid equivalents; Eq IAAf: final indole-3-acetic acid equivalent; 
σ: standard deviation. 2 Different letter in same column indicate significant differences between treatments 
(Tukey, p ≤ 0.05). SHD: significant honest difference. 

The initial concentration presented a positive trend as a function of the amount of VC in the 
substrate, where T3 (Tukey, p ≤ 0.05) had the highest concentration of Eq IAA (0.274 µg g-1); whereas, 
T1 only reached 0.055 µg g-1. In other words, the auxin concentration in the substrates increased as 
the amount of VC increased. When the amount of vermicompost in the substrates was linearly related 
to their IAA results (p ≤ 0.05), the following linear function was established (Equation 5). 

 
ܣܣܫ                           =   (5)                            (ܥܸ)0.0470
 
this equation had a coefficient of determination (R2) of 0.9171, which means that the amount of 

VC explains 91.71% of the variation in IAA concentration; in other words, auxin concentration 
increases in the substrate 0.047 µg g-1, when one kilogram of VC is added to the substrate (p ≤ 0.05). 
At the end of the experiment, the amount of auxins increased with respect to the initial ones (Table 
5). 

Likewise, gram-positive bacteria were found in the substrates, with Bacillus spp. being identified 
in the majority. It was also established that the amount of VC in the substrates influenced the CFU (α 
≤ 0.05), where the highest CFU (34,400 CFU mL-1) was found in T3 (Tukey, p ≤ 0.05). In this sense, 
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CFU were a function of the amount of VC in the substrates; when one unit (1 kg) of VC was increased 
in the substrate, the CFU increased 5189 CFU mL-1 in the substrate; the regression model, in other 
words, can explain 98.81% of the variation of CFU (p ≤ 0.05) in the substrates that were used (Figure 
1). 

 

Figure 1. CFU en función de los contenidos de VC de los tratamientos. 

When the amounts of VC of the substrates and the corresponding Eq IAA concentration were 
related at the end of the experiment (Figure 2), results showed a linear model that explains 97.12% of 
the variability of the Eq IAA in the substrate (p ≤ 0. 05). 

 
 

 
Figure 2. Relación entre la concentración de auxinas al inicio y al final del experimento de cada 
tratamiento y las cantidades de VC en los sustratos. 

This means that the increase of one unit (1 kg) of VC caused an increase of 0.0642 µg of Eq IAA 
in one gram of substrate with VC, but this result was presented at 60 ddt, indicating that the 
concentration of Eq IAA in the substrates increased at the end of the experiment. 

3.3 Tomato Crop Behavior in Substrates with Different Doses of Vermicompost 
Treatments had an effect (α ≤ 0.05) on the variables of the aerial part of the plant under study 

(Table 6). In general, VC treatments caused an increase in PH, SD, NL, FC, and SS, compared to the 
treatment without VC. Treatments 2 and 3 had a stronger influence on PH, NL, and FC (Tukey, p ≤ 
0.05); whereas for SD and SS, the VC treatments had a similar statistical behavior. It is important to 
highlight that T2 influenced PH (95.53 cm), FC (13.50), and SS (10.00) while T3 influenced SD (1.50 
cm) and NL (33.80). 

Table 6. Effect of treatments on some performance components of tomato plants. 

Tmt 1 PH SD NL FC SS RV RL RW 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 May 2024                   doi:10.20944/preprints202405.1480.v1

https://doi.org/10.20944/preprints202405.1480.v1


 8 

 

 (cm) (cm)    (cm-3) (cm) (g) 
T0 56.50 c 2 1.03 b 20.00 b 5.33 c 3.70 b 75.00 d 61.00 c 7.70 c 

T1 72.67 b  1.43 a 27.33 ab 11.67 ab 9.00 a 249.50 c 64.60 bc 44.77 b 

T2 97.53 a 1.46 a 33.33 a 13.50 a 10.00 a 371.00 a 77.25 a 64.90 a 

T3 95.25 a 1.50 a 33.80 a 11.75 ab 9.70 a 336.25 b 71.80 ab 46.52 b 

SHD 10.48 0.26 7.21 6.05 3.58 15.65 9.69 9.12 
1 Tmt: treatments; PH: plant height; SD: stem diameter, NL: number leaves, FC: floral cluster, SS: secondary 
stems, RV: root volume, RL: root length, RW: root dry weight. 2 Different letters in the same columns indicate 
significant differences between treatments (Tukey, p ≤ 0.05). SHD: significant honest difference. 

The percentage of VC influenced (α ≤ 0.05) the root development (Figure 3), where plants with 
T2 had the results of RV (371.00 cm3), RL (77.25 cm), and RW (64.90 g), higher than the rest of the 
treatments (Table 6). 

 

 
Figure 3. Root volume. a) substrate without VC (T0); b) substrate with 40% VC (T2). 

Likewise, the behavior of the root development as a function of the amount of vermicompost 
presented a sigmoidal behavior (Figure 4) where a polynomial nonlinear model (p ≤ 0.05) was 
established. Thus, when solving the cubic equation, the maximum amount of vermicompost (4.12 kg) 
with which the maximum root volume (371.33 cm3) in this experiment was obtained could be 
calculated, which means that the 5.04 kg of T3 are not necessary to reach the maximum volume. 
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Figure 4. Relationship between the volume of the root and the amounts of vermicompost in the 
substrates. 

4. Discussion 

4.1. Characteristics of the Vermicompost 

The classification of extra quality for a vermicompost is given to organic material that is the 
product of a vermicomposting process, that complies with the parameters of TN, OM, OC, C/N ratio, 
humidity, pH, EC, CEC, and Bd, without foreign mineral materials, undigested organic material, or 
inert materials, and without viable seeds or worms [28]. The VC used in our study was made from 
fruit and vegetable wastes; however, its physical and chemical characteristics are similar to those 
reported in other vermicomposts obtained from different organic materials and subjected to the 
action of the California red worm (Eisenia fetida) in other parts of the world. For example, from 
coconut leaves [35], cattle manure slurry [36], animal fleshing and tannery wastes [37], coffee husks 
[38], cattle manure mixed with plant residues [39], cattle manure [40]; and even from fruit and 
vegetable wastes [41]. According to Villegas-Cornelio and Laines-Canepa [43], vermicompost is 
considered an organic fertilizer used to improve agricultural soils and stimulate crop production 
since it possesses a large amount of organic matter and nutrients that can be assimilated by plants. 
However, the nutrient content in vermicompost varies depending on the origin of the organic 
material [35,39], as well as the conditions under which the vermicomposting process is conducted. 
This explains why Ca was lower than the reference values considered for plant development [43] 
since sometimes this decrease occurs after the vermicomposting process [44,45] whereas, the rest of 
the soluble cations have a higher concentration. This allows us to suppose that the concentration of 
the different soluble cations in a vermicompost could be a function of the worm's needs, and these in 
turn, of the conditions in which the vermicomposting is done. These characteristics allow 
vermicompost to be applied to soil or substrates to increase crop yields [38,46,47]. Another 
characteristic of vermicompost is the presence of bacteria of the genus Bacillus spp [48], which 
improved the root development of tomato plants by increasing the water and nutrient absorption 
capacity of the crops, associated with the production of IAA determined in the VC of our study. These 
microorganisms are capable of secreting indole-3-acetic acid (auxins) [14], growth-promoting 
hormones for plants [49]. This means that the VC used in our research, besides contributing nutrients 
for plant development, provided microorganisms that produce plant growth-promoting substances, 
which would probably improve the physical, chemical, and biological characteristics of the base 
substrate to be used in plant production.  

4.2. Physical, Chemical, and Biological Characteristics of the Substrates 

The base of the substrates used consisted of sand-sized particles of a type of soil known in the 
region as 'xal', a Nahuatl word meaning pumiceous sand [50]. This material has a cation exchange 
capacity higher than 16 cmol(+) kg-1, which has been reported for sandy soils [51], and organic matter; 
likewise, pumiceous sands are porous and have moisture retention capacity [52], conditions 
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conducive to the development of microorganisms and plant roots in natural environments [53]. In 
this regard, the addition of VC improves the conditions of the substrates or soil where it is applied, 
leading to an increase in their physical, chemical, and biological fertility [37]. VC has auxin-producing 
bacterial strains; when these strains increase in size, they are able to increase auxin production, 
demonstrating a positive relation between bacterial strain size and auxin concentration [48]. This 
could explain the behavior detected in our investigation since the Eq IAA concentrations at the end 
of the experiment were higher than at the beginning. At the beginning of the experiment, the CFU 
were a function of the amount of VC added to the substrate percentage; the higher the amount of VC 
added, the higher the CFU; which showed a direct and significant relationship. At the end of the 
experiment, probably due to the passage of time, the CFU in the substrate increased, which in turn 
caused a higher generation of Eq IAA in the substrate. This allows us to deduce that the CFU of VC 
bacteria in the substrates continued to grow and produce auxins during the period of the study. 
However, the inflection point where the growth of CFU stops and auxin production decreases was 
not determined in our research; this situation would be important to establish the moment to add 
organic amendments that feed the growth-promoting microorganisms in the substrate, in order to 
continue the production of auxins in them. 

4.3 Crop Behavior in Sand Substrates with Vermicompost 
The application of vermicompost in soil or substrate has positive effects on plant development 

because they contain growth-promoting substances such as auxins [35,54,55], which allow the 
increase of crop productivity [56]. For example, auxins cause an increase in plant height, number of 
leaves, flower clusters, and secondary stems [21,54], as well as plant roots [57], which is attributable 
to the ability of these hormones within the plant to promote cell division and elongation [58]. 
However, the activation of auxins within plants is a function of different factors such as plant species, 
stage of development, light intensity and type, availability of water and nutrients, and even the 
amount of exogenous auxins found in the edaphic medium near the root [25]. This explains the 
behavior of the yield components that were analyzed in our experiment (plant species, moisture, 
nutrients, and light conditions were constant), where the substrates with the highest amounts of 
vermicompost, and therefore, with the highest concentration of exogenous auxins, had tomato plants 
with more development. In this sense, if exogenous auxins are added to the soil or substrate, the roots 
are the first component to come into contact with them, which, depending on the characteristics and 
origin of the auxins, will inhibit or promote their development [59]. This allows to deduce that when 
the root is in a suitable medium, it will respond positively to exogenous auxins, product of the 
association with bacteria present in the vermicompost, which will initially allow its development, 
and later promote the activation of endogenous auxins of the plant, resulting in a greater 
development of the plants. However, the concentration could have a limit, as was found in our 
research; yet, further research is required to determine the limits depending on the amount of 
vermicompost and its auxin concentration.  

5. Conclusions 
The results of this research demonstrated that the quantification of indole-3-acetic acid (Eq IAA) 

by colorimetric methods in vermicompost (VC) substrates is possible since the VC made from fruit 
and vegetable wastes presented bacteria, mainly of the Bacillus spp, whose colony forming units 
(CFU) increased when the amount of VC increased in the substrates. Thus, a directly proportional 
and positive relationship was established between the concentration of Eq IAA and the amount of 
VC; for this reason, tomato plants grown in substrates with different amounts of VC responded 
positively to the increase of VC in the substrates. However, the establishment of maximum and 
minimum concentration limits of exogenous Eq IAA from microbial or organic origin in relation to 
the activation of endogenous auxins in the plant is one of the important issues to be studied. 
Moreover, it is important to know when the development of CFU stops and the generation of Eq IAA 
decreases in a substrate or soil, in order to establish the right moment to add organic matter to the 
substrates, which will keep the growth-promoting microorganisms active and, consequently, allow 
them to continue with the production of auxins 
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