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Abstract: Indole-3-acetic acid (IAA) is a key vegetative hormone that plays crucial roles in plant growth and
development. In this study, the effect of the exogenous application of IAA as a biostimulant in the cultivation
of onions (Allium cepa) was investigated. Different IAA concentrations were evaluated to determine their effects
on onion growth and chemical parameters. Various physical and chemical parameters such as total fresh
weight, plant height, chlorophyll content, nitrates, total phenols, and antioxidant capacity (DPPH) were
analyzed. The results revealed that exogenous application of IAA had a significant impact on onion growth
and quality. Specifically, it was found that certain concentrations of IAA fostered a greater fresh weight of the
bulb, an increase in the levels of phenolic compounds and a greater DPPH. However, the onion response to
IAA was dependent on the concentration. In conclusion, the present study provides evidence that the
exogenous application of IAA as a biostimulant can improve onion growth and quality. These results are
relevant for the development of sustainable agricultural practices and could be oriented towards crop
improvement.

Keywords: Indole-3-acetic acid; biostimulant; phenolic compounds; nitrate; chlorophylls;
exogenous application

1. Introduction

Onion (Allium cepa) is a widely produced crop throughout the world due to its nutritional
importance and low cost production [1]. It is a bulb vegetable belonging to the Amaryllidaceae family
and it is used in multiple culinary preparations due to its distinctive flavour and organoleptic
properties [2,3]. In addition, onion is recognized for its medicinal properties and its benefits for
human health. Despite its importance, onion cultivation currently faces various challenges that affect
its productivity and quality. Among the main challenges are the impact of diseases caused by
pathogens, such as fungus and bacteria [4,5] , as well as the presence of insect pests that affect plants
health and the quality of the bulb [6,7]. Moreover, abiotic stress, such as adverse weather conditions
and water availability, can negatively influence the growth and development of the onion crop [8,9].
The efficiency and quality of crops are fundamental aspects to guarantee food safety [10]. Producers
constantly face the challenge of optimizing production and obtain high quality crops in variable
conditions according to market demand [11].

In this context, the use of biostimulant has become a promising alternative to improve crop
efficiency and quality [12]. Biostimulant are natural or synthetic substances that interact with the
growth and development processes of plants, influencing their physiology and metabolism [13]. They
can stimulate plant growth, regulate organ development, improve resistance to abiotic and biotic
stress [14], as well as increase the quality of agricultural products [15]. Among the most widely used
growth regulators there is Indole-3-acetic acid (IAA), a key phytohormone in the regulation of plant
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growth and development [16,17]. The use of IAA as a growth regulator in various crops has shown
positive effects in aspects such as germination [18], grounding [19], blossoming [20], fruit set [21] and
the accumulation of secondary metabolites, as antioxidants [22,23]. In addition, the use of growth
regulators can offer advantages in terms of agricultural sustainability, being able to reduce the
excessive use of fertilizers, promoting good agricultural practices [24]. Likewise, its selective and
dosed application can optimize the use of resources such as water and nutrients, contributing to
production efficiency in cultivation [25]. However, rigorous scientific research is essential to fully
understand the effects of plant growth regulators on different crops and environmental conditions.
This includes evaluating their optimal concentrations, mechanisms of action, interactions with other
environmental factors and possible adverse effects. The effect of IAA on crops can vary depending
on the concentrations and can have different effects on parameters of growth, development and
physiological response of plants.

In this sense, the present study focuses on studying the biostimulant effect of the exogenous
application of different concentrations of IAA in the onion (Allium cepa) crop as a strategy to improve
productivity. According to the above-mentioned facts, Allium cepa was selected due to its economic
and agricultural importance in many countries of the world. Due to the advantages described for
IAA, this research was designed to examine the effect of different concentrations of IAA in growth
parameters, photosynthetic aspects and phenolic compounds and antioxidants contents in Allium
cepa. The main aim of the research was to determine the optimal IAA concentrations that maximize
these parameters without causing negative effects on the crop.

The results of this research will contribute to broaden the knowledge about the use of IAA as a
biostimulant in Allium cepa and could have practical applications in agriculture to improve
agricultural productivity and sustainability.

2. Materials and Methods

2.1. Greenhouse Cultivation

The experiment was carried out in the experimental field of Universidad Autonoma de
Barcelona, — (Cerdanyola del Valles, Barcelona — Spain), the geographic coordinates are: latitude 41°
29'53.97" N; longitude 2° 6' 8.30" E. The plants were grown in pots and brought into a greenhouse on
September 23, 2022.

2.2. Substrate for Cultivation

The seedlings of onion (Allium cepa) were of the Hamaemi variety, obtained from the Planter
Faura nursery (Castellbisbal, Barcelona, Spain), one month old. They were transferred into pots filled
with a mixture of peat, sand and sterilized vermiculite (1:1:1, v/v/v) [27].

2.3. Preparation of Indole-3-Acetic Acid Solution

A 5000 ppm stock solution of IAA was prepared, from the commercial product Sigma Aldrich,
product reference 1.00353 of CAS 87-51-4, with a concentration > 99% and then this solution was
diluted in different concentrations according to the proposed experimental design, as explained later.
This solution was preserved in a dark container and stored in a cold room at 4°C.

2.4. Experimental Design

The experimental design was a Completely Random Design (CRD) with several treatments and
four replications. Six treatments were implemented: without application of IAA - IA0 (control
treatment) and 50, 100, 150, 200, 250 ppm of IAA [28,29], named as IA50, IA100, IA150, IA200 and
IA250, respectively. All treatments were replicated 4 times for a total of 24 pots (6 concentrations of
IAA biostimulant (D) for 4 replicates).

The IAA solution was sprayed on the onion leaves. The application began in the transplant by
root immersion, then at 20, 45, 60, 70 and 80 days respectively, from September 23, 2022.
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2.5. Agronomic Characteristics

Crop evapotranspiration (ETc) (mm/day) was determined using the FAO Penman-Monteith
equation (Eq. 1);

ETc=ETo x Kc (1)

Where Evapotranspiration (ETo) (mm/day) with limited data , and the onion crop coefficient
(Kc) was calculated applying scheduled drip irrigation throughout the vegetative period.

Crop management was carried out in accordance with the guidelines of good agricultural
practices for onion cultivation. Accordingly, NPK fertilizers equivalent to 140, 60 and 200 kg/ha were
applied to all treatments, in accordance with the practical guide of the rational fertilization of crops
in Spain and Real Decreto 47/2022 on water protection against diffuse pollution produced by nitrates
from agricultural sources [30,31].

During the phenological cycle of the onion crop, chemical protection with cupric fungicide was
carried out for preventive control in all treatments. Onions were harvested on March 9, 2023 (all the
treatments were harvested on the same day). Immediately the fresh biomass (root, bulb, aerial
biomass) and the roots were washed with distilled water and weighed the same day. The collected
bulbs with the aerial part were stored in a cold room at 4°C with a ventilation system for their
subsequent analysis of chemical parameters and dry material.

2.6. Greenhouse Climatic Variables

Figure 1 reports the climatic variables of the experimental site during the growth period of the
onion crop. The maximum temperatures oscillated between 32.5 °C registered in September and the
average minimum temperature oscillated between 6.8 °C registered in the month of January.

35

Temperature (°C)

Sep Oct Nov Dec Jan Feb Mar

Figure 1. The maximum monthly temperature (°C, orange line) and average monthly temperature
(blue line) during the growing season of the onion crop (September 2022-March 2023).

2.7. Determination of Growing Parameters

At harvest, the onion plants were extracted from all pots, then the total fresh biomass of the plant
(FW), the root fresh weight (FR), the fresh weight of the leaves (FF) and the bulb fresh weight (FB)
were weighed from all repetitions. The dry weight of the roots, leaves and bulb were determined
separately, from three representative samples from each replicate, dried in an oven at 105 °C until
constant weight to determine the percentage of dry matter (DM). Besides, the height of the plant and
the central diameter of the bulb were also measured.
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2.8. Chlorophyll, Carotenoids and Nitrates

Chlorophyll a and b, and the content of carotenoids were tested in triplicate for each plant from
samples of fresh leaves. Extraction was carried out with 96% ethanol, according to the method of
Lichtenhaler and Wellburn [32]; and the absorbance of the solution was measured with a
spectrophotometer (HACH LANGE DR 3900) at 649, 665 and 470 nm, respectively. The total
chlorophylls were calculated by the sum of chlorophylls and b.

Nitrates were tested in all the plants, using Cataldo method for the extraction [33], Then, the DR
test kits for nitrate of 22-155 ppm were used. According to the manufacturer's methodology, 100 uL
of the extracted sample were taken after passing through a 0.22 um filter and then measured using a
spectrophotometer (HACH LANGE DR 3900). The concentration was subsequently calculated using
the fresh weight (FW).

2.9. Total phenolic Content and Antioxidant Activity (DPPH)

The total phenolic content (TP) was determined by the Folin-Ciocalteu method [34], using gallic
acid as standard equivalent. The absorbance of the blue-coloured reaction solution was read at a
wavelength of 750 nm with a spectrophotometer HACH LANGE DR 3900. Extracts were obtained
from the onion bulbs and from each repetition, they were measured in triplicate. The results were
expressed in milligrams of Gallic Acid (AGE) equivalent per gram of bulb dry matter (DM) (mg AGE
g* of dry weight).

A slightly modified DPPH (2,2-diphenyl-1-picrylhydrazil) free radical scavenging assay was
applied to measure the antioxidant activity of methanol extracts in the onion crop [35]. An 80%
methanol solution with DPPH was prepared, poured into flasks covered with metal paper, where
100 pL of the extract was used in triplicate for each repetition. 2900 uL of the DPPH solution was
added, shaken for 1 minute, then left for 30 minutes at room temperature and them the absorbance
of each sample was read at 517 nm using a spectrophotometer (HACH LANGE DR 3900). The results
were expressed in micromoles of Trolox (TE) equivalent per gram DM of the bulb (umol TE g of dry
weight).

2.10. Statistical Analysis

The average of the triplicate data was determined, then subjected to an analysis of variance
(ANOVA) using the MINITAB 19 software package, InfoStat 2020, and the differences between the
medians were evaluated using a post hoc LSD test (p < 0.05). A principal component analysis (PCA)
was also performed on the physical and chemical parameters with the effect of IAA concentrations.
Hierarchical cluster analysis (HCA) analysis was performed based on physical and chemical
variables and IAA concentrations. All data are presented as median + standard error (n = 4).

3. Results

3.1. Effect of the Concentrations of IAA on the Onion Growth Physical Parameters

For the data analysis, the physical parameters were determined, corresponding to the total fresh
weight per plant, fresh weight of the root per plant, bulb per plant, plant height, diameter and height
of the bulb. This evaluation was obtained on the day of the harvest except for the fresh weight of the
bulb that was kept in cold room until the evaluation of the chemical parameters.

The weight of the total fresh biomass (FW), which included root, bulb and leaves, did not present
statistical significance between treatments concentrations of IAA (Table 1). However, according to
the LSD < 0.05 post hoc test, there was a statistical difference between the medians, with the AI50
dose statistically being the most effective in this variable, while the treatment with AI200 does not
seem to be effective. The treatments with IA100, IA150 and IA250 are also effective but do not differ
significantly from the control (Figure 1A). Therefore, the IA50 dose was the most effective in
increasing the total fresh weight of the onion crop.

doi:10.20944/preprints202307.2128.v1
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Table 1. Effect of IAA concentrations by exogenous application on the total fresh biomass of the plant
(FW), root fresh weight (FR), bulb fresh weight (FB) and leaf fresh weight (FF) in the pots test of Allium
cepa.
FW FR FF FB
Treatments
(gr) (gr) (gr) (gr)
TAA
IA50 92.0+116a 13.63+1.39a 36.47+379a  3.688+0.180 a
IA100 63.88+3.02ab 9.500+0.354a 26.25+3.49a 3.3292+0.0712 ab
IA150 794+16.0ab 1325+289a 31.87+757a 3.476+0.186ab
1A200 53.00+8.37b 938+1.01a 2721+657a 2.7915+0.0678c
1A250 625+154ab 12.00+3.23a 2523+6.75a 3.127+0.257 bc
Control
TIAO 575+134ab 775+153a 24.13+5.67a 3.090+0.206 bc
Significance
biostimulant concentration (B) ns ns ns *

The results in Table 1 represent medians + standard error of the median, while letters (a, ab, b, c) of
each column indicate significant differences according to the LSD post hoc test (p < 0.05) in total fresh
biomass of the plant (FW), root weight (FR) and bulb weight (FB). ns, not significant; * significant p <
0.05. The FB data did not meet the normality test and were transformed using the natural logarithm
LN (X).

The fresh weight of the root (FR) did not present statistical significance between treatments,
according to the LSD post hoc test (p < 0.05) (Table 1). In all the treatments evaluated in relation to
the fresh weight of the root, they do not present statistically significant differences among themselves.
These results may be indicative that the exogenous application of IAA in the concentrations used did
not significantly influence the development and growth of the root system of onion plants.

Based on the results of the FF, no significant differences were found between the treatments in
relation to this parameter. The results according to the post hoc LSD test (p < 0.05) indicate that the
exogenous application in different IAA concentrations did not have a statistically significant effect
on the FF of the onion plants.

Based on the results for the FB, it is evident that there are statistically significant differences
(according to the LSD post hoc test (p < 0.05) between treatment with AI50, which presented the
highest FB per plant, and the rest of the treatments and control. These results could suggest that the
application of IA50 can have a beneficial effect on the growth and development of the onion crop, by
increasing the FB. On the contrary, the negative effect is also evident in high IAA concentrations.

In relation to the results of the PH, they show that there was no significant difference in the PH
between the treatments with different concentrations of IAA (Table 2). However, in the post hoc LSD
test (p <0.05), it was observed that the concentration of IA150 turned out to have a higher PH. On the
other hand, the IA200 concentration resulted in a significantly lower PH compared to the IA150
concentration. In the same way, the BH and CDB did not present significant differences.

Table 2. Effect of IAA concentrations by exogenous application on plant height (PH), bulb height (BH)
and central bulb diameter (CDB) in the Allium cepa pots trial.

PH BH CDB
Treatments

(cm) (cm) (cm)
IA50 56.00 +2.61 ab 5.000 +0.449 a 4.025 +0.315 a
IA100 56.50 +2.25 ab 4.625+0.492 a 3.225+0.131 a
IA150 58.25+2.78 a 4.800 +0.394 a 3.850 +0.497 a
1A200 51.00+2.45b 5.250 +0.250 a 3.200 +0.618 a
1A250 54.50 +1.94 ab 4.675 +0.287 a 3.050 +0.429 a

Control

IAO0 52.25 +1.03 ab 4.425 +0.417 a 3.075 +0.180 a
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Significance
biostimulant concentration (B) ns ns ns

The results represent medians + standard error of the median, letters (a, ab, b, c) of each column
indicate significant differences according to the LSD post hoc test (p < 0.05) in plant height (AT), bulb
height (AB) and bulb central diameter (DCB). ns, not significant (p < 0.05), significant *.

In relation to root dry weight (RDW), (Table 3) there is no significant difference in the effects of
IAA concentrations. However, it is observed that there is a significant difference according to the LSD
post hoc test (p < 0.05). The results show that the IA200 and IA250 treatments had a significantly
higher root dry weight compared to the other treatments. On the other hand, the control treatment
IAQ presented a significantly lower root dry weight compared to the other treatments. The IA50,
IA100 and IA150 treatments did not show significant differences between them.

Regarding the bulb dry weight (BDW) and leaf dry weight (FDW) relationship, no statistical
significance was found in the effects of IAA concentrations in BDW and FDW as in the LSD post hoc
test (p<0.05) where all treatments do not present a significant difference in relation to the medians.
These results suggest that different concentrations of IAA did not have a significant effect on BDW
and FDW.

Table 3. Effect of IAA concentrations by exogenous application on root dry weight (RDW), bulb dry
weight (BDW), leaf dry weight (FDW) in the Allium cepa pots trial.

RDW BDW FDW
Treatments
(gr) (gr) (gr)
IAA
IA50 0.4582 + 0.0807 ab 0.532 +0.176 a 0.793 +0.200 a
1A100 0.4546 +0.0918 ab 0.5092 +0.0480 a 0.631 +£0.106 a
1A150 0.4364 + 0.0751 ab 0.797 +0.301 a 0.749 +0.190 a
1A200 0.5508 + 0.0626 a 0448 +0.233 a 0.4419 £ 0.0950 a
1A250 0.5338 £ 0.0818 a 0.498 +0.148 a 0.6107 £ 0.0718 a
Control
IAO 0.3178 +0.0346 b 0517 +0.175 a 0.458 +0.159 a
Significance
biostimulant concentration
ns ns ns

(B)

The results represent medians + standard error of the median, letters (a, ab, b, c) of each column
indicate significant differences according to the LSD post hoc test (p < 0.05) in root dry weight (RDW),
weight bulb dry weight (BDW), leaf dry weight (FDW). Ns: not significant (p < 0.05). The BDW was
transformed using the square root of (X).

Summarizing, IAA concentration showed significant effect on FB where AI50 produced the
highest value, while median values for FW, PH and RDW were also found statistically different in
the case of AI50, AI 150 and AI200 and AI250 respectively (higher values).

3.2. Effect of the Concentrations of IAA on Chlorophyll, Carotenoids and Nitrates

Chlorophyll a and b, carotenoids and total pigments did not present statistical significance
between treatments, likewise, according to the post hoc LSD test (p < 0.05), no significant differences
were found between the medians of the treatments.

The amount of nitrates present no statistical significance; however, the post hoc LSD test (p <
0.05) demonstrated that the concentration of IA100 had a significantly higher median compared to
the concentrations of IA50, IA250 and the IAQ control, which in turn had a significantly lower median
than the other concentrations (Table 4).
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Table 4. Effect of IAA concentrations by exogenous application on photosinthetic indicators
chlorophyll a, chlorophyll b, carotenoids, total pigments and nitrates in the Allium cepa pots trial.

Treatments = Chlorophyll a Chlorophyllb  Carotenoids Total pigments Nitrates
(mg/ fw) (mg/ fw) (mg/ fw) (mg/ fw) (mg/ kg fw)
IAA
IA50 0.445+0.120a 0.409+0.131a 0.2006 + 0.0587 a0.4473 +0.0384 a 1424 +174b

TA100 0.3706 + 0.0286 a0.4532 + 0.0275 a0.1987 £ 0.0230 20.5869 £ 0.0320 a 3734 + 763 a
TIA150 0.2941 + 0.0595 a0.2983 + 0.0739 a0.1253 + 0.0533 a0.4193 + 0.0943 a 2422 + 552 ab
T1A200 0.4135 + 0.0580 a0.3598 + 0.0414 a0.1557 + 0.0165 a0.5565 + 0.0447 a 2278 + 366 ab
1A250 0.2669 + 0.0551 a0.2405 + 0.0816 a 0.1270 +0.0565 a 0.3627 + 0.0942 a 2104 +619Db
Control
IAO0 0.2592 +0.0133 a0.3561 + 0.0578 a 0.1291 +0.0231 a 0.4473 +0.0384 a 2072 +371Db
Significance
biostimulant
concentration ns ns ns ns ns
(B)

The results represent medians + standard error of the median, letters (a, ab, b, c) of each column

indicate significant differences according to the LSD post hoc test (p < 0.05), in chlorophyll a (CHA)
chlorophyll b (CHB), carotenoids (CR), total pigments (TP) and nitrates (NT). Ns: not significant (p<
0.05). CHA, CHB, TP data were transformed using square root (X).

3.3. Effect of the Concentrations of IAA on Phenolic Content (DPPH)

The results show that there was a significant difference in the levels of total phenolic content
among the treatments with different concentrations of IAA. The IA200 treatment had the highest
number of total phenols, followed by IAA150 and IAA250 (Table 5), while the IA100 treatment had
an intermediate amount of total phenols. Treatments with IA0 and IA50 presented the lower levels
of total phenols.

The results indicate that there was no statistically significant difference between the treatments
in terms of their antioxidant capacity as measured by DPPH. However, by applying Duncan's test
with 90% confidence, it was observed that IA200 treatment had the highest antioxidant capacity,
closely followed by IA250 treatment, while IA150 treatment presented the lowest antioxidant
capacity.

Table 5. Effect of IAA concentrations by exogenous application on total phenols (TF), and antioxidant
capacity (DPPH), in the Allium cepa pot assay.

Treatments FT DPPH
(mg AGE/g dm) (umol TROLOX/g dm)
IAA
IA50 0.690 +0.269 ¢ 7.577 +0.413 ab
1A100 1.600 + 0.597 bc 6.007 +0.272 bc
1A150 2.692 +0.364 abc 5.421 +£0.925 ¢
1A200 3.989 +0.766 a 794+ 1.00a
1A250 2.973 +0.394 ab 6.662 + 0.546 abc
Control
IAO 0.635 +0.449 ¢ 7.498 + 0.361 ab
Significance
biostimulant .
ns

concentration (B)

The results represent medians + standard error of the median, letters (a, ab, b, c) of each column
indicate significant differences according to the LSD post hoc test (p < 0.05) in total phenols (FT),
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DPPH, ns not significant; significant * p < 0.05. FT, DPPH data was transformed using natural
logarithm LN(X).

3.4. Classification Analysis

In this section chemical and physiscal parameters are studied separatelly by means of a principal
component analysis and afterwards in a combined using the Hierarchical Cluster Analysis.

3.4.1. Principal Component Analysis (PCA) for Chemical Parameters

In the first interaction, when the principal component analysis (PCA) was performed on the
evaluated variables, a 2-component model was obtained considering 66.3% of total variance. The
principal component 1 (PC1) explains 53.8% of the data variability, while component 2 (CP2) explains
19.3%, according to Figure 2a. The variables chlorophyll a, b, carotenoids, total pigments, and DPPH
are in the positive quadrant of CP1, which indicates that they are strongly related. In addition, in
Figure 2b, the IA200 and IA100 concentrations are close to these points, which may suggest that these
concentrations are related to higher levels of chlorophylls, total pigments and carotenoids. In the
same main component analysis (PC1), there are also total phenols, nitrates and antioxidant capacity
measured by DPPH. These factors are slightly close to each other, indicating a relationship between
them. The concentrations of IA100 and IA250 are also close to these points, which suggests that these
concentrations could influence the levels of total phenols, nitrates and antioxidant capacity.
Regarding PC2, the chemical parameters are observed as a separation into two groups of variables.
In the positive quadrant, there are total phenols, DPPH and nitrates corresponding to the
concentrations of IA100 and IA200. On the other hand, in the negative quadrant, there are chlorophyll
a, chlorophyll b, total pigments and carotenoids. This separation in PC2 suggests an inverse
relationship or contrast between the metabolites and characteristics associated with total phenols,
DPPH, nitrates, and those associated with chlorophylls, carotenoids and total pigments. In other
words, higher concentrations of IA100 and IA200 appear to have a positive effect on total phenols,
DPPH and nitrates, while they have a negative effect on chlorophylls, carotenoids and nitrates.
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Figure 2. a. Principal Component Analysis (PCA) of the relationship between chemical parameters;
2b. IAA concentrations and their relationship with chemical parameters.

3.4.2. Principal Component Analysis (PCA) for Physical Parameters

The principal component analysis (PCA) was performed on the evaluated physical variables,
obtaining a 2-component model considering 65.3% of total variance. The principal component
analysis 1 (PCA1) explains 51.2% of the data variability, while component 2 (PCA2) explains 14.1%,
according to Figure 3a. The physical variables (fresh waste weight, root fresh weight, fresh weight
leaves, bulb fresh weight, plant height, bulb height, bulb centre diameter, roots dry weight, bulb dry
weight, leaves dry weight) are found in the positive quadrant of CP1, being the parameters strongly
related. In addition, the IA50 and IA150 concentrations are close to these points, which can suggest
that these values of physical parameters are related to higher levels.

On the other hand, most of the variables of the physical parameters are found in the same PCA1,
which indicates that these variables are related to each other and have a lower contribution to the
variability of the data. Also, IA150 and IA50 in Figure 3b, concentrations are close to these points,
suggesting that these concentrations are related to root dry weight, bulb height, bulb dry weight,
bulb centre diameter and leaves fresh weight. The concentrations of IA0, IA100, IA200 and 1A250 are
distributed on the negative side of the positive quadrant of PC1.

Regarding PC2, the variables root dry weight, bulb height, bulb dry weight, bulb centre
diameter, leaves dry weight are in the positive quadrant and in the negative quadrant bulb fresh
weight, fresh waste weight, fresh weight leaves, root fresh weight and plant height) are found.

PC2 explains 14.1% of the total variability of the data, which suggests that there is a moderate
correlation between the variables in this component.
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Figure 3. a. Principal Component Analysis (PCA) of the relationship between physical parameters;
3b. IAA concentrations and their relationship with physical parameters.

3.4.3. Combined Physical and Chemical Analysis

The Hierarchical Cluster Analysis (HCA) analysis was carried out on the entire data set, which
corresponds to a tree diagram where the objects are grouped in rows by their similarities based on
the physical variables and the IAA concentrations according to Figure 4a, which suggests that there
are two groups of concentrations. They differ on the basis of their physical parameters. The first group
is made up of concentrations IA50 and IA150 because they have similar growth in physical
parameters, and the second group is made up of concentrations IA200, IA250, IA100 and IAOQ.

In the cluster analysis presented in Figure 4b, which is based on the chemical parameters and
the biostimulant concentrations, it is suggested that there are two groups that differ on the basis of
their chemical parameters. The first group is made up of concentrations IA50, IA100 and IA200
because they have similar levels in chemical parameters, and the second group is made up of
concentrations IA250, IA150 and IA00.
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Figure 4. a) Cluster dendrogram based on the biostimulant effect on the physical parameters of the
onion crop, b) Cluster dendrogram based on the biostimulant effect on the chemical parameters of the
onion crop.

In the following results, the dendrogram has grouped the treatments into two large groups
(physical and chemical parameters) according to Figure 5. The first group is composed only of the
treatments with concentrations IA50 and 1A150, while the second group is composed of treatments
with concentrations of IA0, IA100, IA200 and IA250. This result may suggest that the concentration
of IA50 and IA150 may have a different effect on the physical and chemical parameters compared to
the other concentrations. On the other hand, treatments with IA0, IA100, TA200 and IA250
concentrations of IAA biostimulant seem to have a similar response in terms of the physical-chemical
parameters evaluated.
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Figure 5. Cluster dendrogram of physical and chemical parameters in the application of biostimulant
in onion cultivation.

4. Discussion

In this study, the effect of the exogenous application of six concentrations of IAA (IAO, IA50,
IA100, IA150, IA200 and IA250) as biostimulant in onion grown under greenhouse conditions were
evaluated.

In terms of total fresh weight, which represents the total fresh biomass of the crop (root, bulb,
leaves), this result can have interesting economic benefits, considering that more biomass is
produced. The results from this study are consistent with previous studies that have demonstrated
the beneficial effects of IAA on plant growth and development. Several studies have reported that
IAA application can promote root growth, increase biomass accumulation and improve nutrient
uptake in different crops [36-38]. Regarding the optimal concentration of IAA, the results of this
study support the trend observed in previous research that suggests that low or moderate
concentrations of IAA are more effective than higher concentrations For instance, a study conducted
in maize cultivation found that the concentrations of 50 and 100 ppm of IAA had a positive effect on
the yield compared to the application of 200 and 300 ppm of IAA[39]. Furthermore, our results from
this study indicate that a concentration of 200 ppm of IAA may not be effective and could even have
negative effects on onion cultivation. These findings are supported by previous research that has
reported inhibitory or toxic effects of IAA at high concentrations [40].

The results obtained in this study agree with previous investigations that have demonstrated
the significant effect of IAA on BEF. Several studies have reported that the application of IAA can
promote onion bulb development and increase its weight in different horticultural crops [29,41].
These results indicate that the IA50 concentration had a significant positive effect on the fresh weight
of the onion bulb, being greater in comparison with the other evaluated treatments and the control.
These findings are consistent with previous research that has found that low concentrations of IAA
in Guizotia Abyssinica [42] can enhance growth and development in different crops [43,44]. Regarding
the root dry weight (RDW), the IA200 and IA250 treatments presented better results compared to the
other treatments and the control. However, it is important to note that other studies have shown that
specific IAA concentrations can influence root dry weight in this crop [45]. These findings suggest
that the response of root dry weight to IAA may be variable depending on the experimental
conditions and the specific characteristics of each crop. Regarding the other physical parameters
evaluated in this research (FR, FF, BH, CDB, BDW and FDW), they did not show significant
differences between the treatments and differences in the LSD post hoc test (p < 0.05). These findings
are consistent with previous research that has shown that IAA concentrations do not have a
significant effect on certain physical parameters in crops [46]. However, it is important to note that
the scientific literature has reported some positive effects of IAA on leaf and root fresh weight in
other crops, suggesting that the effects may be species-specific [47,48].

No statistical significance between treatments was observed analysing the results obtained for
chlorophyll a, chlorophyll b, carotenoids and total pigments, ,. Several previous studies have also
evaluated the effect of IAA on photosynthetic pigments in different crops. Some reported results are
similar to these obtained in this study, since days after the application of the IAA, the effect of these
pigments begins to decrease, not having a significant impact on the levels of chlorophyll and
carotenoids. For example, a study conducted by [49] on Cinnamomum camphora plants found no
significant differences in the chlorophyll and carotenoid contents 60 days after IAA application.
Another study carried out by [50] in Lolium perenne L. plants, showed no significant differences
related to the treatment in the proportion of chlorophyll at 60 days of evaluation. These findings may
suggest that the effect of the IAA concentrations used in our study at the end of the harvest may not
have a direct effect on the degradation of photosynthetic pigments in the onion crop. However, it is
important to highlight that the pigment content can be influenced by several factors, such as the
interaction with environmental conditions, the genotype of the plant and the stage of growth.
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Therefore, the lack of significant effect of IAA in our results may be due to these variations and the
specific sensitivity of onion to this growth regulator.

Regarding the effect of the exogenous application of IAA on the accumulation of nitrates in the
onion crop, they show that there were no significant differences for nitrates. The presence of higher
quantity of nitrates in the IA100 treatment may suggest that this concentration promoted the
accumulation of nitrates in the onion. However, it has also been reported that IAA application can
improve root architecture and nitrogen metabolism in apple trees [51]. Some studies also indicate
that the presence of IAA improved the content of nitrates in wheat sprouts [52]. However, it is
important to consider several explanations for these results. The response to IAA may be specific to
each plant species. Different plants may have different regulatory mechanisms for nitrate
accumulation and may respond differently to IAA [38]. It is possible that the onion crop is not as
sensitive to JAA in terms of nitrate accumulation, which would explain the lack of significant
differences observed in the present study. Furthermore, the accumulation of nitrates in plants is a
complex process that is influenced by multiple factors [53,54], such as the availability of nitrates in
the soil [55], the activity of enzymes related to their metabolism [56] and the response of other
phytohormones [57]. These factors can interact in a complex way with IAA and nitrate signalling [58].

Our results agree with previous studies that have investigated the IAA effect on total phenol
levels in onion crops. Several studies have shown that the exogenous application of IAA can
positively influence the accumulation of total phenols in plants [59]. Supporting these findings,
several studies have reported the role of IAA in the production of total phenols in different plant
species, observing an increase in the levels of total phenols in response to the application of IAA,
which is consistent with our results [60]. Furthermore, it has been reported that IAA can induce
phenol synthesis in plants by acting as a regulator of secondary metabolism [61]. Furthermore, the
presence of total phenols in plants is of particular interest due to their antioxidant properties and
health benefits [62]. These bioactive compounds have been associated with antimicrobial, anti-
inflammatory and anticancer activities, among others [63]. Therefore, the increase in the levels of total
phenols in the onion crop in response to the concentrations of IAA used in our study could have
positive implications from the nutritional and health point of view. However, it is important to
highlight that the effect of the exogenous application of IAA may vary according to the plant species
and the specific environmental conditions. Therefore, further investigations are required to better
understand the underlying mechanisms involved in the regulation of total phenols in response to
IAA.

The results obtained in relation to the antioxidant capacity measured by DPPH indicate that
there was no statistically significant difference between the treatments in general. These results are
confirmed by other studies, such as the effect of IAA on the contents and metabolites in Hibiscus
sabdariffa plants, showing no considerable difference between concentrations with IAA [64]. In our
case, it is suggested that the concentration of IAA may have an impact on the antioxidant capacity of
onion. Treatment with IA200 showed higher antioxidant activity, which could indicate its potential
to protect plant cells against oxidative stress [65]. This antioxidant capacity may be due to the
presence of phenolic compounds in IAA, which are known for their antioxidant activity [60].
Importantly, antioxidant capacity measured by DPPH is only one of many ways to assess the
antioxidant potential of a compound or extract [66]. Other experiments, such as free radical
scavenging capacity or lipid peroxidation inhibitory activity, can provide a more comprehensive
view of the antioxidant profile [67]. In the scientific literature, studies on the antioxidant activity of
phenolic compounds have been reported with the presence of different biostimulants or plant
extracts [68]. These studies have demonstrated the ability of phenols to neutralize free radicals and
protect plants against oxidative stress [69,70]. This can be beneficial in formulating biostimulants that
contain phenols that can stimulate plants against external limiting factors [71]. The results indicate
that the IA200 treatment had the highest antioxidant capacity as measured by DPPH, closely followed
by the IA250 treatment. These findings support the idea that JAA may contribute to the antioxidant
activity in onion cultivation, although more research is necessary to fully understand the mechanisms
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of action and effects of antioxidant capacity in relation to the concentration of IAA and other
components that are present in the biostimulant.

On the other hand, according to the PCA, these results could be interesting from the
physiological and biochemical point of view of the onion crop. For example, an increase in total
phenols and antioxidant capacity measured by DPPH could indicate a response to plant defense
mechanisms under stress conditions [72,73] or as a form of protection against oxidative damage [74].
Also, a decrease in chlorophylls and carotenoids could be related to changes in photosynthesis or the
regulation of pigment synthesis in the presence of higher IAA concentrations. This study reveals a
separation between the metabolites and characteristics related to total phenols, DPPH and nitrates,
and those related to chlorophylls, carotenoids and nitrates in response to IAA concentrations. These
findings could provide additional information on onion responses to IAA and may be useful for
future research.

The PCA results demonstrate a correlation between the variables of the physical components
evaluated and the IAA concentrations in the onion crop. This is supported by previous studies that
have shown the influence of IAA concentrations on plant growth and development. Regarding the
physical components, such as the fresh weight of the bulb, fresh weight of the leaves, fresh weight of
the root and total fresh weight and height of the plant, it has been observed that the application of
IAA can promote greater development and growth of these parameters in different crops. Studies
have shown that IAA can stimulate root growth and the development of the aerial part of plants,
which is reflected in an increase in the fresh weight of the distinct parts of the plant [75].

Regarding the analysis of conglomerates based on the chemical parameters and the different
concentrations of IAA, it reveals the existence of two distinct groups depending on their chemical
characteristics. In the first group, made up of the IA50, IA100 and IA200 concentrations, a similarity
in the chemical parameters evaluated, including chlorophylls a, b, carotenoids, total pigments,
nitrates, phenols, and antioxidant capacity measured by DPPH, was found. These results suggest that
these IAA concentrations may have a similar effect on the chemical composition of onion, which may
influence its nutritional quality and antioxidant properties. The second group is made up of
concentrations IA250, IA150 and IA00. These IAA concentrations show different levels in the
chemical parameters evaluated, indicating a divergence in the chemical response of the onion to these
IAA concentrations. These results are consistent with those that have shown that IAA concentrations
can modulate the synthesis and accumulation of chemical compounds in plants, such as
photosynthetic pigments, phenolic compounds, and antioxidants by DPPH, reported in this study.
These findings support the importance of selecting the proper IAA concentrations to influence the
chemical composition of onion and potentially improve its nutritional quality and antioxidant
properties.

The cluster analysis based on the physical parameters and the different concentrations of IAA
also reveals the existence of two distinct groups. In the first group, made up of the IA50 and IA150
concentrations, a similarity is observed in the growth and development of the onion in terms of fresh
weight of the bulb, fresh weight of the leaves, fresh weight of the root, height of the plant, among
other physical parameters. These results suggest that these IAA concentrations may have a similar
effect on onion vegetative development. The second group is made up of concentrations IA200,
1A250, IA100 and IAOQ.. It is important to highlight that this group differs from the first group in terms
of the physical parameters evaluated, which suggests that these IAA concentrations may have a
different impact on onion vegetative development. These findings support the importance of
selecting the appropriate concentration of IAA to influence the vegetative development of onion.

The cluster analysis based on the physical and chemical parameters reveals the formation of two
distinct groups depending on the IAA concentrations evaluated. In the first group, composed solely
of the treatment with concentrations of IA50 and IA150, a similarity is observed in the physical and
chemical parameters analysed. This suggests that these IAA concentrations may have a similar effect
on onion development at both a physical and chemical level. On the other hand, the second group is
made up of the treatments with concentrations of IA0, IA100, IA200 and IA250. These concentrations
show differences in both physical and chemical parameters, indicating a divergent response in onion
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growth and development compared to the first group. These results suggest that the IAA
concentrations used in this study may have a different impact on the physical and chemical aspects
of the onion. These findings are consistent with previous studies that have shown that concentrations
of plant hormones, such as IAA, can modulate both physical and chemical parameters in plants [37].
The exogenous application of IAA can influence the morphology and other chemical parameters of
the plants [20,76]. The cluster analysis shows the formation of two distinct groups depending on the
concentrations of IAA and its impact on the physical and chemical parameters of the onion [29]. These
results support the importance of selecting the appropriate IAA concentration to influence onion
growth and development, as well as its chemical content.

5. Conclusions

In this study, the effect of the exogenous application of IAA as a biostimulant in the onion crop
was evaluated. The use of different concentrations of IAA had a significant impact on several physical
and chemical parameters of the onion. Statistically significant differences were observed in the fresh
weight of the bulb, fresh weight of the leaves, height of the plant, dry weight of the root and total
phenol content in response to the IAA concentrations evaluated. Cluster analysis revealed the
formation of distinct groups based on IAA concentrations. In the case of physical parameters, two
groups were identified, with IA50 and IA150 concentrations being the most similar to each other.
Regarding the chemical parameters, two groups were formed, where the concentrations of IA50,
IA100 and TA200 shared similar characteristics. The results showed that the AI50 concentration was
statistically the most effective on the fresh weight of the bulb, while the AI200 concentration did not
seem to have a significant effect on this variable. In the case of total phenols, IA200 concentration
presented the highest levels, closely followed by IA150 and IA250 concentrations. Regarding nitrates,
no significant differences were found between the IAA concentrations evaluated, although the IA100
concentration showed a slightly higher median compared to other concentrations. The conclusions
of this study indicate that the exogenous application of different concentrations of IAA can influence
the growth and development of the onion, as well as its chemical composition. However, it is
important to highlight that the onion response to IAA concentrations may vary depending on the
parameters evaluated. These findings provide a basis for optimizing IAA application strategies as a
biostimulant in onion crops, seeking concentrations that maximize the desired parameters without
causing negative effects on the crop. Further research is needed to better understand the underlying
mechanisms and the dose-response relationship of IAA in different varieties of the onion crop, with
the aim of harnessing its potential as a biostimulant in agriculture.
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