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Abstract: Plant growth-promoting bacteria (PGPB) naturally occur in the environment and offer various

Ifge/coe;/vzeoc2.4 plant benefits. The Bacillus genus, part of the PGPB group, is effective in post-harvest disease control and
may influence fruit quality mechanisms. The objective was to evaluate the pre-harvest application of

. different doses of a commercial B. subtilis formulation on the physicochemical and qualitative characteristics
Revised: of tomato fruits. Conducted in a randomized block design with five treatments and four blocks, increasing
16/10/2024 doses of the biofungicide Serenade® (B. subtilis) were applied via foliar spray: 0.0 (Control), 2.0, 4.0, 6.0, and
8.0 L ha'. The study measured soluble solids (SS), pH, titratable acidity (TA), ratio (SS/TA), ascorbic acid

Accepted: (AA), citric acid (CA), firmness, total phenolic compounds (TPC), antioxidant capacity (DPPH), lipid
20/10/2024 peroxidation (LP), hydrogen peroxide (H202), antioxidant enzyme activity (superoxide dismutase - SOD,

catalase - CAT, and peroxidase - POD), total soluble sugars (TSS), reducing sugars (RS), starch, respiration,
and ethylene content. Doses of 4 and 6 L ha™ of B. subtilis increased SS (13%), TA (58%), AA (30%), CA (17%),
TPC, DPPH (50%), H202 (30%), CAT activity (11%), POD, starch (46%), and respiration, while the ratio
(SS/TA) was reduced by 27%, as well as LP (20%), SOD activity (6%), and RS content (28%) compared to the
control. Pre-harvest application of the B. subtilis-based biofungicide at doses of 4 and 6 L ha™ improved
tomato fruits' physicochemical and qualitative characteristics, enhancing the antioxidant system and
reducing membrane damage to maintain tissue integrity.

Keywords: Antioxidant enzymes; Biofungicide; Physicochemical analyses; Post-harvest analysis; Solanum
lycopersicum.

Abbreviations: O.M._Organic matter; P(resin)_Phosphor; K*_Potassium; Ca?*_Calcium; Mg?*_Magnesium; CEC_Cation exchange
capacity; V_Base saturation; SS_Solube solids; TA_Titrable acidity; AA_Ascorbic acid; CA_Citric acid; TPC_Total phenolic compounds;
DPPH_Antioxidant capacity; LP_lipid peroxidation; H202_Hydrogen peroxide; SOD_superoxide dismutase; CAT_Catalase;
POD_Peroxidase; RS_Reducing sugars; TSS_Total soluble sugars; RESP_Respiration; ET_Ethylene; FIRM_Firmness.

Introduction

One of the most significant vegetables in terms of area plant is directly associated with ethylene production (Al-Dairi et
cultivated, production, yield, commercial use, and consumption, al., 2021).

is the tomato plant (Solanum lycopersicum) (Sinha et al., 2019). The quality of agricultural products is strongly influenced by
The fruits of the tomato plant are widely consumed as a source various pre-harvest factors, considering that agronomic practices
of vitamin C and minerals, as they are rich in antioxidants and are recognized as a determining factor in the integrity of the
bioactive compounds, such as phenolic compounds, ascorbic tomato fruits, especially due to biotic factors (Chandrasekaran
acid, and lycopene (Collins et al., 2022). et al., 2019). However, producing fruits with reduced use of
However, tomatoes are highly perishable due to their climacteric synthetic chemicals and limiting post-harvest losses poses a
fruit pattern, making them prone to rapid deterioration after significant challenge, prompting research into the use of
harvest and more susceptible to microbial infection. This technologies based on natural molecules.

perishability is attributed to various physiological and Because of this, the use of biological products has emerged as an
physicochemical modifications, including respiration, mass loss, effective alternative to address the increasing number of
and pulp softening among others, during post-harvest handling microorganisms resistant to chemical fungicides (Lahlali et al.,
(Meiramkulova et al., 2023). 2022). These biocontrol agents, including bacteria from the PGPB
Climacteric fruits, such as tomatoes, are commercially harvested group (Plant Growth-Promoting Bacteria) such as Bacillus, play
after completing their growth, and their detachment from the a prominent role in plant establishment and growth. In tomato
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Table 1. Load matrix, eigenvalues, and proportion of variation associated with PCA's two principal components (PC) of 19 fruit
characteristics at 5 doses of Bacillus subtilis-based biofungicide in tomato cultivation.

Variables PC1 PC2
Soluble solids (SS) 0.362 0.052
pH (pH) -0.208 -0.097
Titratable acidity (AT) 0.322 -0.201
Ratio (RATIO) -0.304 0.237
Ascorbic acid (AA) 0.304 -0.075
Citric acid (AC) 0.274 -0.253
Firmness (FIRM) 0.013 -0.394
Total phenolic compounds (TPC) 0.295 0.196
Atioxidant capacity (DPPH) 0.168 0.088
Lipid peroxidation (LP) -0.221 -0.244
Hydrogen peroxide (H202) 0.237 0.259
Superoxide dismutase (SOD) -0.039 0.424
Catalse (CAT) 0.048 -0.423
Peroxidase (POD) 0.113 0.198
Total soluble sugars (TSS) -0.215 -0.034
Reducing sugars (RS) -0.320 0.081
Starch (STA) 0.113 -0.103
Respiration (RESP) 0.219 0.094
Ethylene (ET) 0.122 0.259
Eigenvalue 7.359 5.456
Percent (%) 38.737 28.717
Cum Percent (%) 38.737 67.453

0 L ha'! 2 L ha'!

4 1 ha’!

6 L ha'! 8 L ha'!

Doses of biofungicide based on Bacillus subtilis

Fig 1. Tomato fruits treated pre-harvest with biofungicide based on Bacillus subtilis.

plants, they appear to be significantly involved in fruit quality,
extending the post-harvest shelf life (Chandrasekaran et al.,
2019). This suggests that these microorganisms may be linked to
the physiological and biochemical metabolism of fruits
(Lastochkina et al., 2019).

Several studies highlight the beneficial role of B. subtilis in the
biological control of pathogens in tomato plants and fruits
(Cawoy et al., 2011; Punja et al., 2016; Samaras et al., 2021).
However, its impact on post-harvest quality is not well-
documented. Given this gap, this study aimed to assess the pre-
harvest application effect of different doses of a commercial
formulation based on B. subtilis on the physicochemical and
qualitative characteristics of tomato fruits. We hypothesized
that the beneficial effects of this PGPR, in the appropriate
quantity, control physiological processes that regulate fruit
ripening.

Results

According to the analysis of variance, there was a significant
effect of the doses of biofungicide based on Bacillus subtilis for
the following variables: soluble solids (SS), titratable acidity (TA),
ratio, ascorbic acid (AA), citric acid (CA), total phenolic
compounds (TPC), antioxidant capacity (DPPH), lipid
peroxidation (LP), hydrogen peroxide (H202), superoxide
dismutase (SOD), catalase (CAT), peroxidase (POD), reducing
sugars (RS), starch and respiration, while pH, firmness, total
soluble sugars (TSS) and ethylene showed no significant
response to the treatments.
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Physicochemical analyzes

A quadratic effect was observed for the TA, SS, and Ratio
variables (Fig 2.) as a function of the doses of B. subtilis-based
biofungicide applied to the tomato fruit. TA and SS increased up
to the dose of 4.60 and 5.40 L ha™ of product, with an increase of
58 and 13% compared to the control, respectively (Fig 2a. and
2b.). On the other hand, there was a reduction in the Ratio (Fig
2c.) due to the increase in product doses. This reduction was
observed up to the 4.49 L ha™ dose, 27% lower than the control.

Organic acids

The AA and CA values were adjusted to the quadratic model and
increased up to the doses of 5.82 and 4.44 L ha™ of B. subtilis-
based product, with maximums of 11.66 mg g™ of the sample and
0.41 g 1007 of the sample, with gains of 30 and 17% compared to
the control treatment, respectively (Fig 3a. and 3b.).

Total phenolic content and antioxidant capacity

The TPC content of the tomato fruit showed a positive linear
response due to the increase in the doses applied, while DPPH
increased up to the dose of 5 L ha™ of the product, resulting in a
higher percentage of antioxidant capacity (50%) compared to the
control (Fig 4a. and 4b.).

Lipid peroxidation and hydrogen peroxide

LP decreased in the presence of B. subtilis, showing a decreasing
linear response due to the doses of the biofungicide (Fig 5a.), with
an average reduction of 20% compared to the control. However,
the H20:2 content increased as a function of the doses of B.
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Fig 2. Titratable acidity levels-TA (a), soluble solids-SS (b), and Ratio (c) in tomato fruits treated with different doses of a biofungicide based
on Bacillus subtilis. The bars show the standard deviation. n = 4 (number of replicates).
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Fig 3. Ascorbic acid levels-AA (a) e citric acid-CA (b) in tomato fruits treated with different doses of a biofungicide based on Bacillus subtilis.
The bars show the standard deviation. n = 4 (number of replicates).

subtilis applied, with a more significant increase at the highest
dose (8 L ha™) of the product, 30% higher than the control (Fig
5b.).

Antioxidant enzymes assay

The activity of the SOD enzyme showed a quadratic adjustment
as a function of the doses applied, showing a reduction in this
activity up to the dose of 3.15 L ha™ of the commercial product,
with a subsequent increase. When 3.15 L ha™ of the biofungicide
was applied, there was a 6% reduction in SOD activity compared
to the control (Fig 6a.). On the other hand, the activity of the
CAT enzyme increased with increasing doses up to 3.18 L ha’,
11% more activity than the control (Fig 6b.).
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In addition to CAT, the enzyme POD also plays an important role
in eliminating H202 from the cellular medium, and in this study,
the activity of POD in tomato fruit increased linearly due to the
increase in doses of B. subtilis (Fig 6c.).

Reducing sugars, starch and respiration

The presence of B. subtilis in the biofungicide led to a reduction
in RS content, with the lowest RS content observed at a dose of
5.14 L ha™, with a 28% reduction compared to the fruit not
treated with B. subtilis (Fig 7a.). On the other hand, the starch
content increased as a function of the doses applied, with an
increase up to the dose of 3.67 L ha™ of the product, showing a
46% increase compared to the control (Fig 7b.). Additionally, the
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Fig 5. Lipid peroxidation-LP (a) and hydrogen peroxide content-H202 (b) in tomato fruits treated with different doses of a biofungicide
based on Bacillus subtilis. The bars show the standard deviation. n = 4 (number of replicates).

fruit treated with the doses of biofungicide showed greater
respiration compared to the control (Fig. 7c).

Principal component analysis

The Principal Component Analysis (PCA) of 19 tomato fruit
characteristics under 5 doses of biofungicide based on B. subtilis
allowed for the overall observation of data in reduced dimensions
(Table 1).

The total variability was explained by four principal components
(PC). However, two of them were considered the most important,
as they exhibited eigenvalues > 4.0. Out of these four PCs, the
first two (PC1 and PC2) represented 67.45% of the total variation.
PC1 accounted for 38.7% of the total variation and effectively
separated fruits treated with 4, 6, and 8 L ha? from other
biofungicide doses (Fig 8a.). The analysis of PC1 loadings (Fig 8b.)
suggests that this separation is attributed to parameters such as
soluble solids (SS), ascorbic acid (AA), citric acid (CA), firmness
(FIRM), total phenolic compounds (TPC), antioxidant capacity
(DPPH), hydrogen peroxide (H202), catalase (CAT), peroxidase
(POD), starch (STA), and respiration (RESP), as they exhibited
positive loadings. PC1 scores and loadings revealed that doses of
4 and 6 L ha-1 led to higher CAT enzyme activity, FIRM, the
concentration of AA, CA, and STA, as well as higher AT in tomato
fruits due to strong positive correlations, while the 8 L ha™ dose
of biofungicide showed increased POD and DPPH activity, SS
and TPC concentration. However, it resulted in higher ET
content, RESP rate, as well as increased H202 levels.

In the score plot, PC2 was crucial in separating treatments 2 and
8 L ha from the others, as these treatments exhibited positive
loadings (Fig 8a.). PC2 represented 28.7% of the total variation
and was primarily associated with the activity of the SOD
enzyme, RS content, and Ratio in fruits treated with 2 L ha™ (Fig
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8b.). The control treatment (A) caused higher membrane damage
(LP), pH, and TSS concentration.

Discussion

As a climacteric fruit, tomato ripening during the post-harvest
period can cause a series of physicochemical transformations
that are characterized by physiological and biochemical changes
in the fruit, such as changes in color, firmness, appearance,
soluble solids content, pH, and titratable acidity, among others.
Therefore, these parameters are great indicators when it comes
to fruit quality.

The pH of the tomatoes, normally associated with loss of acidity
during ripening, was not affected by the treatments, indicating
that all the fruit were in the green-ripe stage. Titratable acidity
(TA), a crucial factor in fruit flavor, was higher in fruit treated
with 4 and 6 L ha' of the B. subtilis-based biofungicide. This
suggests that the pre-harvest application of this agent
contributes to an increase in organic acids in the fruit, positively
influencing its sensory characteristics, such as flavor and acidity,
as observed by Nascimento et al. (2013).

Similarly to TA, the soluble solids (SS) content, an important
indicator of ripeness and sensory quality (Al-Dairi et al., 2021),
increased with the doses of B. subtilis, reflecting the higher
quality of the fruit. On the other hand, the SS/TA (Ratio)
decreased with increasing doses of B. subtilis due to the high
levels of SS and TA, indicating a possible influence on the
respiratory activity of the fruit. In summary, the application of
B. subtilis improved the sensory quality of the tomatoes,
increasing the content of organic acids, SS, and influencing the
SS/TA (Ratio). These results corroborate the research by Chitarra
and Chitarra (2005), which highlights the influence of organic



Fig 6. The activity of the enzymes superoxide dismutase-SOD (a), catalase-CAT (b), and peroxidase-POD (c) in tomato fruits treated with
different doses of a biofungicide based on Bacillus subtilis. The bars show the standard deviation. n = 4 (number of replicates).
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acids, soluble solids, and the ratio between them on the sensory
quality of the fruit.

The levels of AA and CA in tomato fruit increased progressively
with the doses of the B. subtilis-based biofungicide. Ascorbic
acid, the predominant form of vitamin C, is sensitive and used as
a quality indicator (Babu et al., 2015). It also plays a role in cell
expansion and as a cofactor for enzymes involved in ethylene
synthesis (Foyer et al., 2020). Citric acid, dominant in tomatoes,
decreases in the post-harvest period, but its presence contributes
to reducing microbial contamination, preventing browning, and
maintaining quality (Liu et al., 2016). The increase in AA and CA
levels, in conjunction with the biological control potential of B.
subtilis, suggests a possible extension of fruit shelf life,
particularly at doses of 4 and 6 L ha™ of the biofungicide, as
evidenced by Marques et al. (2024).

According to Ruiz-Cisneros (2022), the presence of Bacillus or
other  non-pathogenic  microorganisms can contribute
significantly to the synthesis of TPC due to their influence on
plant growth. As investigated in this study, Chandrasekaran et
al. (2019) also found that tomato fruits treated with B. subtilis
had a higher amount of TPC.

Antioxidant capacity, mainly made up of phenolic compounds, is
essential for eliminating free radicals, providing better fruit
quality (Vega-Lépez et al., 2022). Therefore, an increase in DPPH
indicates a higher rate of free radical elimination, an essential
factor in preventing tissue damage and organ aging during the
post-harvest period.

During the post-harvest period, fruits tend to increase the
production of reactive oxygen species (ROS) as a result of
ripening, which can result in a shorter shelf life (Meitha et al.,
2020). Excess ROS damages cell tissues, especially to
peroxidation of the plasma membrane, causing damage to the
cell membrane system (Ma et al., 2022). The elimination of free
radicals by bioactive compounds in fruit is inversely related to
the levels of lipid peroxidation (LP) (Suzuki and Mittler, 2006).
This research shows a reduction in malondialdehyde (MDA)
levels in tomato fruit treated with the biofungicide tested,
suggesting that B. subtilis can delay the deterioration of tomato
fruit. Therefore, a reduction in MDA indicates the prevention of
oxidative damage, protection of membrane components, and
maintenance of their functionality (EI-Gendi et al., 2022).

On the other hand, the hydrogen peroxide (H202) content
increased. H202 is a ROS commonly produced in cells under
normal conditions or stress and can act, depending on its
concentration, as an intracellular signaling molecule
(Polychroniadou et al., 2022). In previous studies, the increase in
H20: after harvest was associated with oxidative and membrane
damage (Guo et al., 2020; Qin et al., 2009; Ren et al., 2016),
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however, in this study, the increase in H202 content did not
negatively affect the membrane integrity or antioxidant capacity
of the fruit, suggesting that this increase may be related to
ripening signaling.

In addition to bioactive compounds such as flavonoids, total
phenolic compounds, and organic acids, the antioxidant system
includes various antioxidant enzymes, including superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POD)
(Bautista-Rosales et al., 2022). SOD plays a primary role in the
defense against oxidative damage, converting the superoxide
radical into H202. The CAT and POD enzymes act synergistically
to break down this H202 into water and O2, contributing to
cellular detoxification (Tan et al., 2020).

In this study, the increase in H202 levels with increasing doses of
B. subtilis was observed, despite the greater activity of the CAT
and POD enzymes, whose function is to remove H202. However,
despite the increase in H20: levels, lipid peroxidation was
reduced with increasing doses of the biofungicide. As indicated
by Padré et al. 2021, this can be attributed to the ability of B.
subtilis microorganisms to modulate ROS formation. Therefore,
the doses of B. subtilis at the beginning of the post-harvest period
of the tomato fruit maintained the redox state of the cell tissue,
the integrity of the plasma membrane, and the antioxidant
capacity.

During this research, the firmness and total soluble sugar
content of tomato fruit were not affected by the doses of B.
subtilis, showing that it does not compromise the structural
integrity of the fruit and does not negatively affect its soluble
carbohydrate content. In post-harvest quality, sugars act as
energy substances and signaling molecules, regulating the
degree of sweetness of the fruit and various physiological
processes, ranging from ripening to senescence (Li et al., 2021).
The reduction in reducing sugar (RS) content and increase in
starch content in response to doses of B. subtilis suggest a
positive impact of the biofungicide on the post-harvest quality of
the fruit. Considering that the RS content tends to accumulate
during ripening, and the starch content decreases throughout
ripening, this variation points to a potential extension of the shelf
life of tomato fruits and, consequently, a longer shelf life (Gao et
al., 2019).

According to Chitarra (1998), an increase in the respiration rate
is generally associated with a reduction in shelf life, and in this
study, a higher respiration rate was observed in response to the
doses of B. subtilis. On the other hand, the ethylene content was
not affected by the treatments, making it difficult to identify the
role of the biofungicide as an inhibitor of the synthesis of this
hormone, considering that in the post-harvest period, climacteric
fruits, such as tomatoes, show a peak in ethylene production,



accompanied by an increase in the respiration rate (Gamrasni et
al., 2020). In contrast, the results show that the presence of this
microorganism positively influences the other physiological
responses of the fruit in the synthesis of biochemical compounds
and maintenance of antioxidant capacity, contradicting the
traditional relationship between respiration rate and post-
harvest quality.

Given the high perishability of tomato fruits and the need for
technologies to enhance their post-harvest quality, ensuring a
longer shelf life for these fruits, B. subtilis boosted the
antioxidant system, reduced membrane damage while
maintaining the integrity of the plant tissue, and contributed to
maintaining the content of organic acids and sugars in tomato
fruits.

Materials and Methods

Experimental area and cultivation conditions

The experiment was conducted in Mogi Guagu-SP (22°22'15" S,
46°56'38" W, and 638 m above sea level), characterized by a Cwa
climate as mesothermal, with a dry winter, and average
temperatures ranging from 18°C to 22°C, and precipitation index
between 1100 and 1700 mm, according to the Koppen
classification (Sparovek et al., 2007).

The experiment selected the tomato variety STVE4466, a table
tomato with indeterminate growth, developed by the Seminis®
group. Seedlings were transplanted into beds with a planting
spacing of 1.2 m in width and 4.5 m in length, containing 26
plants per plot, arranged in 2 rows with a spacing of 75 c¢cm
between rows and 35 cm between plants. The average
temperature and relative humidity during the experiment were
26°C and 50%, respectively.

The soil of the experimental area was characterized as Sandy Red
Latosol, presenting the following chemical properties: pH (CaCl2)
= 5.1; O.M. = 23.0 g dm3; P(resin) = 29.0 mg dm>3; H+Al = 28.0
mmolc dm3; K* = 2.5 mmolc dm3; Ca?* = 22.0 mmolc dm3; Mg?*
= 10.0 mmolc dm3; CEC = 62.7 mmolc dm3, and V = 55%.
Fertilization was carried out according to soil analysis and
recommendations for tomato cultivation (Trani et al., 2015). The
irrigation system was implemented using drip irrigation, with a
control station and a flexible polyethylene tube system.

Experimental design and application of treatments

The research employed a randomized block design with 5
treatments and 4 blocks. The treatments consisted of increasing
doses of a biofungicide based on Bacillus subtilis: T1 - (Control —
no application), T2 - (2.0 L ha™), T3 - (4.0 L ha), T4 - (6.0 L ha
"), and T5 — (8.0 L ha'). The commercial product Serenade®
(Bayer S.A) was used for the treatments, containing the
biological agent Bacillus subtilis QST713 at a concentration of
13.68 g L of the active ingredient.

The pre-harvest applications of Serenade® were applied by foliar
spray and conducted weekly, starting from the fruit
developmental phenological stage. Fruits, identified in the 4th
cluster with the same age, underwent four product applications
before harvest. All applications took place between 8:00 and 10:00
am, utilizing a pressurized sprayer with an operating pressure of
2.5 kgf cm2, equipped with nozzle sizes 110.01, nozzle spacing of
40 cm, boom width of 1.2 m, and boom height of 40 cm.

Harvesting of fruit and analyzed variables

The harvest was conducted when the fruits reached the "turning”
stage, with 30 to 50% red coloration. After the harvest, the fruits
were washed with distilled water and dried with paper towels for
the following analyses: soluble solids content, pH, titratable
acidity, ratio, ascorbic acid and citric acid content, firmness, total
phenolic compounds content, antioxidant capacity (DPPH), lipid
peroxidation, hydrogen peroxide content, activity of antioxidant
enzymes (superoxide dismutase, catalase, and peroxidase), total
soluble sugars and reducing sugars content, starch content,
respiration rate, and ethylene content (Fig 1.).
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The physicochemical characteristics of the tomato fruits were
assessed by homogenizing two fruits per experimental unit. The
soluble solids (SS) content was determined using an Atago digital
refractometer, expressed in °Brix. The pH was measured in an
aqueous extract of the fruit pulp using a Micronal model B-221
potentiometer. Titratable acidity (TA) was calculated in grams of
citric acid per 100 g of pulp by titration with a standardized 0.1
N sodium hydroxide solution (Brasil, 2005). The ratio (SS/TA) was
determined as the relationship between soluble solids and
titratable acidity. The ascorbic acid (AA) content was obtained
by titration in 0.5% oxalic acid with 001 N 26-
dichlorophenolindophenol ~ (DCPI)  (Brasil, 2000). The
quantification of citric acid (CA) was carried out according to the
methodology proposed by Choy et al. (1963). The results were
expressed in different units for each parameter evaluated.

Fruit firmness was measured using a digital penetrometer model
PTR-500 from Instrutherm®, at two central points of two whole
fruits with skin, and the results were expressed in kgf cm2.

For the biochemical analyses, including total phenolic
compounds, antioxidant capacity (DPPH), lipid peroxidation,
hydrogen peroxide, superoxide dismutase, catalase and
peroxidase enzyme activity, total soluble sugars, reducing sugars
and starch content, the fruits were collected and frozen instantly
in liquid nitrogen. In the laboratory, the fruits were stored in an
ultra-freezer at -80°C until analysis.

The concentration of total phenolic compounds (TPC) was
determined by the Folin-Ciocalteu spectrophotometric method
(Singleton et al., 1999), using a UV-visible spectrophotometer.
The results were expressed in pg of gallic acid per g of fresh
weight.

The total antioxidant capacity (DPPH) was determined following
the methodology of Brand-Williams et al. (1995). The 2,2-
diphenyl-1-picrylhydrazyl (DPPH) solution was prepared in 80%
methanol and the samples were extracted, centrifuged,
homogenized, and stored before reading in a UV-visible
spectrophotometer. The results were expressed as %DPPH
reduced.

Lipid peroxidation (LP) was determined using the technique
suggested by Heath and Packer (1968), using 300 mg of frozen
plant material in 5 mL of a solution composed of 0.25%
thiobarbituric acid (TBA) and 10% trichloroacetic acid (TCA). The
samples were incubated in a water bath at 90°C for 1 hour,
followed by cooling in an ice bath and centrifugation at 10,000
rpm for 15 minutes at room temperature. The supernatant was
collected for reading in a spectrophotometer at two wavelengths
(560 and 600 nm), using the molar extinction coefficient of
malondialdehyde (155 mmol L' cm™).

Hydrogen peroxide (H202) levels were assessed as per Alexiava
et al. (2001). Samples (100 mg) were centrifuged at 12,000 rpm for
15 minutes at 4°C. The reaction mix included extract, phosphate
buffer, and potassium iodide. After incubation and
spectrophotometric  analysis, H202 concentration  was
determined using a standard curve.

To obtain the activity of the antioxidant enzymes, superoxide
dismutase (SOD), catalase (CAT) and peroxidase (POD), enzyme
extraction was carried out according to the methodology
proposed by Kar and Mishra (1976), where 300 mg of the frozen
plant material was extracted by centrifugation in 5 mL of chilled
potassium phosphate buffer (0.1 M - pH 6.7) and 1% (w/v)
polyvinylpolypyrrolidone at 10,000 rpm for 10 minutes at 4°C.
The extract obtained was separated into 1.5 mL eppendorf tubes
and stored at -80°C for later determination. From this extract, the
total soluble protein content was determined using the
methodology of Bradford (1976), SOD activity was determined
using the method of Giannopolitis and Reis (1977), CAT followed
the procedure suggested by Peixoto et al. (1999) and POD was
quantified according to the methodology proposed by Teisseire
and Guy (2000).

For the determination of sugar content, 100 mg of frozen and
macerated fruit samples were weighed in 2 mL Eppendorf tubes.
The total soluble sugar (TSS) and starch content were quantified



according to the methodology described by (Yemm and Willis,
1954), and the results were calculated based on the glucose
standard curve, expressed in mg g fresh weight. The reducing
sugars (RS) were quantified according to the methodology of
(Miller, 1959), and the results were calculated based on the
glucose standard curve, expressed in mg g fresh weight.

To assess respiration rate and ethylene content, two tomatoes
from each replication were stored for 12 hours in sealed jars at
room temperature. Ethylene was determined by removing the air
from the jars with a gas-tight syringe and injecting 2.0 mL of the
air into a gas chromatograph (GC-FID Varian, model CP-3800)
under specific conditions. The retention time for ethylene was
7.40 minutes, using an ethylene gas cylinder for calibration. For
the analysis of released COg, the air was removed with a gas-
tight syringe, and manual injections of 2.0 mL were made into
the chromatograph, with the COz2 retained for 4.5 minutes. A
cylinder of CO2 gas (White Martins, 99.5% purity) was used for
the calibration curve.

Statistical analysis

For the statistical analysis, the data were previously subjected to
the Anderson-Darling homogeneity test using the Minitab
program. Once the normality of the data had been verified an
analysis of variance (F test) and polynomial regression were
carried out using the Agroestat® program (Barbosa and
Maldonado, 2015). Graphs were constructed using the
SigmaPlot® software. Principal component analysis was
performed using JMP 10 statistical software (SAS Institute Inc.,
USA).

Conclusions

This research highlighted the importance of using biofungicide
based on B. subtilis before harvest, particularly in doses of 4 and
6 L ha’, demonstrating improvements in the physicochemical
and qualitative characteristics of the post-harvest quality of
tomato fruits, through the regulation of the physiological
metabolism of the fruit.
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