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Abstract

Tomato (Solanum lycopersicum L.) is considered one of the most profitable and popular vegetable crops grown in the world. The
current study evaluated the individual and combined effects of AMF, biochar, and kale amendments on the physicochemical quality
and shelf life of tomatoes. The experiment was conducted in a completely randomised design (CRD) for both greenhouse and
laboratory experiments, each replicated four times. Evaluation of physicochemical properties was carried out on the day of harvest
and shelf life was assessed for 30 days of storage at intervals of 3 days. The collected data were subjected to analysis of variance
(ANOVA), and mean separations were performed using Duncan's Multiple Range Test (DMRT) at the 5% level of significance.
Compared to the control, tomatoes from plants treated with AMF, biochar, and kale showed significantly higher levels of total
soluble solids (TSS) and sugar-to-acid ratio (TSS/TA). The highest total soluble solid content (5.87 “Brix) was recorded for the
treatment combination of AMF and kale. In contrast, the highest sugar-to-acid ratio (12.91%) was recorded for the combination of
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the AMF, biochar, and kale treatments. In terms of shelf life extension, the application of AMF, biochar, and kale amendments
reduced weight loss and shrinkage indices of fruits during storage compared with those of the control. The maximum weight loss
(18.39%) and shrinkage index were recorded in tomato fruits from the control treatment. In contrast, the lowest values were
recorded in tomato fruits from the treatment with AMF, biochar, and kale amendment, at 9.15% and 25.4%, respectively. The
findings of this study showed that pre-harvest application of AMF, biochar and kale has potential to enhance the physicochemical
properties and storage quality of tomatoes.

Keywords: Arbuscular mycorrhiza fungi; biochar; TSS; TA; TSS/TA; shelf life.
1. Introduction

Tomato (Solanum lycopersicum L.) is considered one of the most profitable vegetable crops grown in the world (Rashmi et al.,
2025). Kenya is ranked among the leading producers of tomatoes with an annual production of 482,951.50 metric tonnes in 2024
(Agriculture and Food Authority [AFA], 2025). In Kenya, tomatoes are among the most important exotic vegetables, contributing to
approximately KES 23,485.39 million, which accounts for 29.5% of the value of exotic vegetables (AFA, 2024). Nutritionally,
tomatoes are rich in vitamins A, B and C, as well as minerals such as iron, potassium, calcium, and zinc, which are beneficial for
human health (Ali ez al., 2021). Tomatoes are also rich in phytochemicals such as lycopene, which gives them their natural colour
and has been linked to health benefits, including the prevention of heart disease, a reduced risk of cardiovascular conditions, and
various types of cancer (Bukirwa et al., 2026; Kumar et al., 2026). Tomatoes, being of paramount interest, can be utilized in various
forms, including fresh fruit, raw salads and several other products, including as an ingredient in many recipes or processed forms
such as purées, tomato sauce and ketchup (Amr & Raie, 2022). In Kenya, tomato farming is economically important, and production
has increased in response to growing demand in recent years. Tomatoes play a crucial role in guaranteeing food and nutrition
security within sustainable food systems, which seek to improve the living standards of Kenyans. The tomato sector supports
livelihoods, particularly for smallholder farmers, through employment and household income generation. In Kenya, tomato
production has primarily been practised in open fields, accounting for 95% of the total production, while greenhouses accounting for
5%. However, due to climate change and rising demand, there has been a gradual shift towards adopting modern technologies, such
as greenhouse farming, to enhance tomato production and meet the growing demand (Sanzua, 2021). The increase in production and
consumption has led to higher consumer demand for higher-quality products (Owino et al., 2025). Despite the increase in
production, tomatoes are highly perishable due to their softness, high respiration rates, and sensitivity to fungal rots, which limit
their postharvest shelf life. The perishable nature of tomatoes poses a significant challenge in maintaining their quality and
extending shelf life, making it difficult to achieve optimal consumer quality and food security. These losses stem from various
factors such as inadequate preharvest techniques, improper handling, poor infrastructure and limited management capacity along the
supply chain (Bukirwa et al., 2026). Tomato fruit quality is determined by colour, flavour, texture and nutritional characteristics.
Consumer preferences are largely influenced by flavour and taste, which depend on the levels of soluble solids, sugar, and organic
acids (Guo et al., 2026). Additionally, texture and flavour are important quality attributes of fresh market tomatoes, whereas soluble
solids, titratable acidity and colour are major quality components of processing tomatoes (Machado et al., 2025). Tomato quality has
attracted considerable attention due to increasing consumer demand for tasty, nutritious and safe food, driven by growing health and
environmental awareness. One of the crucial agricultural practices that influence tomato quality before and after harvest is
fertilisation (Al-Saif et al., 2024). The quality of tomato fruits after harvest largely depends on their quality at harvest. Therefore,
improving preharvest practices to produce higher-quality tomato fruits at harvest is important. In a separate field study, preharvest
mulching treatments were associated with differences in total soluble solids and titratable acidity in tomato fruits (Kumar et al.,
2026).

Conventional approaches, such as synthetic fertilisers and chemical preservatives, have been used to improve tomato quality and
shelf life. However, the intensive and continuous use of chemical inputs has increased to levels that threaten the environment and
human health. Furthermore, extensive use of chemical fertilisers has given rise to a series of problems, including declines in soil
fertility and crop quality (Hu ef al., 2022; Sun et al., 2026). In response to consumers’ concerns about the harmful effects of
chemical residues on human health, environmental pollution, and regulatory restrictions on the use of synthetic chemicals,
alternative, sustainable and environmentally friendly practices have received increasing attention. Among the environmentally
friendly management practices that have attracted considerable attention are the use of biochar as a soil amendment, the use of
arbuscular mycorrhizal fungi, and Brassica biofumigation. In tomato, biofertilizer treatments incorporating arbuscular mycorrhizal
fungi (AMF) have been evaluated alongside other nutrient inputs, with differences reported in plant growth, yield and fruit-quality
characteristics (Smitha & Markose, 2026). Experimental evidence also indicates that biochar and AMF can interact in phosphorus
acquisition by tomato plants (Figueira-Galan et al., 2023). Greenhouse experiments have additionally examined AMF inoculation
under differing nitrogen and phosphorus supply conditions and reported variation in tomato fruit-quality attributes (Ullah et al.,
2025). With regard to postharvest outcomes, a biochar study reported lower tomato fruit weight loss and longer shelf life than in the
untreated control (Adekiya et al., 2025). Although studies have reported positive effects of AMF, biochar and kale amendments on
agronomic performance and disease suppression, research on their effects on the physicochemical quality and shelf life of tomatoes
remains limited. Therefore, to comprehensively understand their effects on the physicochemical quality of tomatoes and shelf life,
the current study aimed to address the existing gap by evaluating the individual and combined effects of AMF, biochar, and kale
amendment, as a potential alternative to synthetic chemicals, for improving the physicochemical properties and shelf life of
tomatoes.

2. Materials and Methods
2.1 Study Location
The study was conducted in the greenhouse and postharvest laboratory of the Department of Crop and Soil Sciences, University of

Eldoret, at a latitude of 0°34° N and a longitude of 35°18' E, Kenya.
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2.2 Preparation of Soil Substrate

The soil used in the study was collected from the university farm, air-dried, and then sieved through a 5 mm mesh. Soil sieving was
intended to facilitate uniform mixing and remove any plant debris, fine roots, and biological residues. To improve soil texture, the
sieved material was mixed with manure and sand at a 3:2:1 (soil:manure:sand) ratio. The soil mixture was then placed into plastic
pots measuring 35 cm in height and 35 cm in diameter.

2.3 Seedling Establishment

Certified seeds of the tomato variety Prostar F1 were purchased and raised in seedling trays prefilled with sterilized coco-peat,
vermiculite, and peat moss in a 5:3:1 ratio. Coco-peat was first soaked overnight to remove excess salts and other compounds and
was then mixed with vermiculite and peat moss. Watering was done every two days until the seedlings germinated. Easygrow starter
fertiliser containing NPK at a ratio of 18:20:21 + TE was applied at a rate of 2 g per litre once a week for three weeks, after which
the plants were ready for transplanting. Before transplanting, the seedlings were hardened off by reducing the watering frequency
and exposing them to sunlight.

2.4 Experimental Design and Layout

The greenhouse and postharvest experiments were conducted using a completely randomised design (CRD) with eight treatments
and four replicates per treatment. The treatments were Control, arbuscular mycorrhizal fungi, Biochar, Kale, AMF x Biochar, AMF
x Kale, Biochar x Kale, and AMF x Biochar x Kale.

2.4.1 Incorporation of Kale

A commercial kale variety, Ahadi F1, was used for the kale treatment. Three-week-old kale seedlings, var. Ahadi F1, were
purchased and transplanted into the university farm. The seedlings were maintained until harvest, at the vegetative growth stage (60
days after transplanting). The kale leaves were harvested, finely chopped with a sharp knife, and immediately incorporated into the
soil to a depth of about 10 cm from the top of the pot. The quantity of kale incorporated into the soil was 200 g of fresh weight per
pot. A small amount of water was sprinkled to facilitate the release of isothiocyanates (ITCs). The pots were covered with a
transparent polythene sheet for two weeks to limit the escape of gases during kale tissue biodegradation.

2.4.2 Biochar Application

For the biochar treatment, biochar obtained from Seedballs Kenya Limited was mixed with soil in the respective pots at a rate of
120 g/pot. For the biochar and kale treatment combination, pathogen-infested soil was first mixed with biochar at a rate of 120
g/pot, and then amended with macerated kale. The pots were then covered with a transparent polythene sheet for two weeks.

2.4.3 AMF Inoculation

AMEF inoculation was applied during seedling transplantation, when 50 g of AMF inoculum was added to the planting hole, 5 cm
below the soil surface, in the prepared soil (Chebet ef al., 2021). The AMF inoculum was thoroughly mixed with the planting soil to
ensure even distribution.

The control received no additional amendment.
2.4.4 Crop Establishment and Management

One healthy and vigorous tomato seedling was transplanted into each plastic pot measuring 35 cm in height and 35 c¢m in diameter,
which was filled with 6 kg of sieved soil containing the prepared treatments. The pots were arranged 60 cm apart, with 45 cm
between rows. Plants were staked with sisal twine when plants reached 30 cm in height, which was tied to a binding-wire trellis.
Pruning was performed to maintain one stem per plant, and any lateral shoots were promptly removed as they emerged. Plants were
watered every morning and evening, and soil moisture levels were monitored using a soil moisture meter (FIELDSCOUT® TDR
150 Soil Moisture Meter, Spectrum Technologies, Inc.). Weeds were removed manually from the pots, and pests were managed
using an integrated pest management approach.

2.5 Physicochemical Analysis

Tomato fruits were hand-harvested at red maturity, and fruits from each treatment were placed in labelled khaki bags before being
taken to the Department of Crop and Soil Sciences postharvest laboratory. In the laboratory, the harvested tomato fruits were
cleaned with tap water to remove surface dust and then air-dried at room temperature. Eight undamaged tomato fruits per
treatment were randomly selected according to size and colour. The colour of the tomato fruits was determined using the RHS Color
Chart (Sixth Edition, 2015). Four of the selected tomato fruits were used to measure quality parameters immediately, and the
remaining four were used to assess storage quality. The measured quality parameters were total soluble solids (TSS), titratable
acidity (TA), and sugar-to-acid ratio (TSS: TA). The shelf life of tomato fruits, as influenced by preharvest application of AMF,
biochar, and kale, was determined by monitoring and recording weight loss and shrinkage index from day 0 to day 30 at 3-day
intervals.
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2.5.1 Total Soluble Solids (‘Brix)

The total soluble solids (TSS) content was determined using a portable refractometer (Model: ATC, GRIFFCHEM ™, China) with a
range of 0-30 °Brix. The refractometer was first standardised by adding a drop of sterile distilled water to the prism, with a TSS
reading of 0 °Brix, after which the water was wiped off the prism. Two drops of tomato juice from each treatment were placed on
the refractometer prism, and the reading was recorded and expressed as °Brix. Between treatments, refractometer standardization
was repeated before each sample reading.

2.5.2 Titratable Acidity (Citric Acid %)

Titratable acidity (TA) was determined by titration, as described by Gharezi et al. (2012). Fifty grams of tomato pulp was
homogenized with 30 mL of distilled water using a kitchen blender (Model: SGP22). The homogenised samples from each
treatment were filtered through Whatman® filter paper, and the supernatant was transferred into a 100 mL conical flask, with the
final volume made up to the mark with distilled water. Ten millilitres (10 mL) of the filtered supernatant was taken from each
treatment and transferred into a conical flask. Three drops of 1% phenolphthalein indicator were added, and the solution was mixed.
The titratable acidity (TA) of the tomato juice was determined by titrating the contents in the conical flask against 0.1 N sodium
hydroxide (NaOH) solution until the appearance of a permanent pale pink color (Kumar et al., 2013). The final volume of NaOH
solution used for titration was recorded, and the percentage titratable acidity was calculated using the following equation:

i Titre Value x Normality of NaOH x m.eq.wt. of acid
% Acid = X100
Volume of Sample

2.5.3 Weight Loss (%)

The tomato fruits from each treatment were weighed on the first day of storage to obtain the initial weight using a digital weighing
balance (Model: TP-B2000) with an accuracy of 0.1 g. The weight loss of the tomato samples was assessed every three days over 30
days. Fruit weight loss was calculated from the weight at the beginning of each measurement period using the formula described by
Dhami et al. (2023).

Initial Weight—Final Weight

— - X100
Initial Weight

Weight loss (%) =

2.5.4 Shrinkage Index %

The shrinkage index was assessed by observing visible changes in the skin of stored tomatoes. It was calculated from changes in the
average dimensions (length and breadth) of tomato fruits at three-day intervals over 30 days, using a digital Vernier caliper. The
results were expressed as the shrinkage index as a percentage relative to the initial diameter, using the formula below.

D0-D1
Do

X100

Shrinkage Index =
where DO = average length and breadth on day zero and D1 = average length and breadth on the respective day of storage.
2.6 Data Analysis
The data collected were subjected to analysis of variance (ANOVA) at a 5% level of significance using GenStat statistical software,
version 16.0, VSN International Ltd. Mean separation was conducted using the Duncan’s multiple range test (DMRT) at the 5%
level of significance.

3. Results

3.1 Effects of AMF, Biochar and Kale Amendment on the Total Soluble Solids (TSS)
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Fig. 1. Preharvest treatment’s effect on the Total Soluble Solids of tomato fruit
Means followed by different letters differ significantly across treatments at 5% level of significance (DMRT, P = .05). Error bars signify the
standard deviation
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The total soluble solids (TSS) were significantly influenced by the application of AMF, biochar, and kale biofumigation (P =.05).
Compared with the control, the total soluble solids content increased significantly in tomato fruits with the individual and combined
applications of AMF, biochar, and kale. Among the treatments, the combination of AMF and kale produced the highest TSS value
in tomato fruits (5.87 °Brix), which was not significantly different from that of tomato fruits from plants inoculated with AMF alone
(5.77 °Brix). On the other hand, the lowest TSS value was recorded for tomato fruits from the control treatment (4.89°Brix).

3.2 Effects of AMF, Biochar and Kale Amendment on the Titratable Acidity (TA)

The application of AMF, biochar, and kale amendments significantly affected the titratable acidity of tomato fruits (P = .05).
Compared with the control, the titratable acidity content decreased significantly in tomato fruits with the individual and combined
applications of AMF, biochar, and kale. The highest titratable acidity was recorded in tomato fruits from the control treatment
(0.60%) whereas tomato fruits from the individual or combined application of AMF, biochar and kale had lower titratable acidity,
with the combined application of AMF, biochar, and kale amendment having a titratable acidity of 0.43%, the lowest among all
treatments.
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Fig. 2. Pre-harvest treatment’s effect on Titratable Acidity of tomato fruit
Means followed by different letters differ significantly across treatments at 5% level of significance (DMRT, P = .05). Error bars signify the
standard deviation

3.3 Effects of AMF, Biochar and Kale Amendment on the Sugar Acid Ratio
The application of AMF, biochar, and kale amendments significantly affected the sugar-to-acid ratio in tomato fruits compared with
the control (P = .05). The highest sugar-to-acid ratio was observed in tomato fruits from the combined application of AMF, biochar,

and kale (12.91%), followed by the combination of AMF and kale amendment (12.61%). On the other hand, the lowest sugar-to-
acid ratio was recorded in tomato fruits from the control treatment (8.11%).
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Fig. 3. Pre-harvest treatment’s effect on the Sugar to Acid Ratio of tomato fruit
Means followed by different letters differ significantly across treatments at 5% level of significance (DMRT, P = .05). Error bars signify the
standard deviation
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3.4 Physiological Loss in Weight (PLW %)

The application of AMF, biochar, and kale amendments significantly affected the percentage weight loss of tomato fruits after 30
days of storage at room temperature (P = .05). Generally, the percentage weight loss in tomato fruits increased gradually as the
storage period increased, regardless of treatment. During the first three days of storage, all treatments significantly affected the
percentage weight loss of tomato fruits. However, from day 6 onward, the percentage weight loss of tomato fruits from the control
increased more rapidly than that of tomato fruits from the other treatments. Compared with the control, the percentage weight loss
of tomato fruits from the individual or combined applications of AMF, biochar, and kale amendment was lower (Fig. 4).
Throughout the storage period, the percentage weight loss was lowest in tomato fruits from the triple application of AMF, biochar
and kale. In contrast, the highest percent weight loss was recorded for tomato fruits in the control treatment. At the end of the
storage period, the highest percent weight loss (18.39%) was recorded for tomato fruits in the control treatment. The lowest percent
weight loss was recorded in tomato fruits from the triple application of AMF, biochar, and kale (9.15%), which was the lowest
among all treatments.
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Fig. 4. Preharvest treatment effect on the weight loss of tomato fruit

3.5 Shrinkage Index

The shrinkage index of harvested tomato fruits was monitored for 30 days at ambient temperature. A significant difference was
observed among treatments in their effects on the tomato shrinkage index (P = .05). The shrinkage index increased as the storage
period increased, irrespective of treatment. During the first six days of storage, shrinkage indices increased slowly, regardless of the
treatment. However, as storage progressed, tomatoes from the control treatment showed the highest shrinkage index, whereas those
from the triple application of AMF, biochar, and kale showed the lowest. At the end of the storage period, tomato fruits from the
control treatment recorded the highest shrinkage index (32.68%), whereas the lowest shrinkage index was recorded in tomato fruits
from the triple application of AMF, biochar and kale (25.4%) (Fig. 5).
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Fig. 5. Preharvest treatment effect on shrinkage indices of tomato fruit
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4. Discussion

The total soluble solids (TSS), titratable acidity (TA), and sugar-acid ratio (TSS: TA) in tomato fruits are key indicators for
assessing fruit quality. The findings of this study suggest that the application of AMF, biochar and kale significantly increased total
soluble solids content, which includes dissolved solids such as sucrose and fructose and indicates fruit sweetness. Similarly, the
positive effect of mycorrhiza on total soluble solids is consistent with previous research (Chafai et al., 2023; Ullah et al., 2023). The
increase in total soluble solids may be due to AMF’s ability to explore a large volume of soil via its extraradical mycelium and
efficiently transfer nutrients from the soil to the plant, thereby enhancing the overall nutritional status of the plant. Furthermore, as
reported by Cordeiro et al. (2019), AMF may improve fruit quality by boosting the photosynthetic rate and facilitating the
translocation of sucrose and organic acids to fruits, thereby increasing sucrose concentration. The increased total soluble solids
content observed with biochar treatments is consistent with findings from Lei ef al. (2024) and Zhao et al. (2024), who reported
higher soluble solids in tomatoes grown in biochar-amended soils. Overall, the increase in total soluble solids following the
application of AMF, biochar and kale amendments could be attributed to improved nutrient and water uptake. Biochar can enhance
soil water retention due to its high water-holding capacity, while AMF can improve nutrient and water uptake through its
association with plant roots. Under conditions of ample nutrient supply, plants tend to produce more sugars through increased
photosynthesis, resulting in higher carbohydrate and sugar levels during fruit ripening.

Regarding titratable acidity, the control treatment showed the highest values, whereas the treatments with AMF, biochar, and kale
amendment all exhibited decreases in acidity. The higher titratable acidity in the control might have been due to nutrient deficiency,
which hindered plant growth and development, possibly reducing energy capture and inhibiting sugar production, thereby affecting
fruit acidity. However, in this study, the results indicated that the AMF, biochar, and kale amendments significantly reduced
titratable acidity. Less acidic tomatoes may be preferred by consumers who favour milder flavours.

The balance between acidity and sweetness is important for flavour and significantly influences consumer preference for tomatoes,
especially in salads. In the present study, the application of AMF, biochar, and kale amendments favoured sugar accumulation
relative to organic acids, resulting in an increased sugar-to-acid ratio. This may reflect lower organic acid levels in relation to the
measured total soluble solids. The increased sugar-to-acid ratio may be associated with nutrient availability and the observed
differences in fruit quality relative to the control.

Tomato fruits are highly perishable and are susceptible to postharvest losses, resulting in a shorter shelf life. Weight loss in fruits is
one of the most important indicators of quality maintenance during postharvest storage. Fruit weight loss is associated with
respiration, transpiration through the peel and other physiological changes. In the present study, the application of AMF, biochar
and kale amendments improved the storage quality of tomato fruits by reducing weight loss and shrinkage indices. During storage,
the weight loss and shrinkage indices gradually increased in tomato fruits from the control treatment; however, the application of
AMF, biochar, and kale amendment appeared to slow these changes. Lower weight loss and shrinkage indices were recorded in
tomato fruits treated with AMF, biochar, and kale amendment throughout the storage period.

Additionally, a lower shrinkage index was recorded in tomato fruits following the application of AMF, biochar, and kale
amendment. The observed improvement in tomato shelf life under the combined application of AMF, biochar, and kale amendment
may reflect interactions among these treatments. Arbuscular mycorrhizal fungi may increase the content of biologically active
substances in fruits, thereby extending storage life before spoilage (Alam ef al., 2023). This aligns with findings from Anah and Eze
(2022), who reported that bell pepper fruits from plants inoculated with arbuscular mycorrhiza had a longer shelf life than those
from non-inoculated plants. Additionally, AMF inoculation has been reported to increase the concentration of essential nutrients,
especially phosphorus, potassium, zinc, and calcium (Sellitto ez al., 2019). Calcium is crucial for maintaining membrane stability
and cell wall integrity, both of which are vital for extending fruit shelf life. Studies by Alam et a/. (2023) and Carillo et al. (2020)
reported that AMF-inoculated tomato plants exhibited higher calcium levels, resulting in better fruit firmness, lower moisture loss,
and possibly longer shelf life. As calcium contributes to cell membrane stability, a low calcium concentration reduces membrane
integrity. The integrated application of AMF, biochar, and kale amendments reduced weight loss and the shrinkage index
throughout the storage period. These observations suggest that the triple application of AMF, biochar, and kale can reduce tomato
shrinkage and weight loss, and may help maintain tomato quality during storage.

5. Conclusions

The study found that preharvest applications of arbuscular mycorrhizal fungi (AMF), biochar and kale amendments were associated
with differences in tomato physicochemical characteristics and physical condition during storage. Compared with untreated fruits,
tomatoes obtained from amended plants generally showed higher total soluble solids, lower titratable acidity and higher sugar-to-
acid ratios. The combination of AMF and kale produced the highest recorded total soluble solids content (5.87 °Brix), while the
three-amendment combination produced the highest sugar-to-acid ratio (12.91). During 30 days of storage at room temperature, all
treatments showed increasing weight loss and shrinkage, but fruits from the combined AMF, biochar and kale treatment had the
lowest values at the final assessment. Specifically, weight loss and shrinkage index were 9.15% and 25.4%, respectively, for the
triple treatment, compared with 18.39% and 32.68% in the control. These findings suggest that the combined preharvest treatment
may help maintain selected quality attributes of tomato fruits during ambient storage. Its practical performance should be interpreted
within the specific cultivar, greenhouse conditions and observation period examined in this study.

6. Limitations
This study was conducted using a single tomato cultivar under greenhouse conditions and evaluated fruit quality during one 30-day

storage period at room temperature. Consequently, the results may not represent responses under other cultivation systems, cultivars

327



Bawen et al.; Int. J. Plant Soil Sci., vol. 38, no. 11, pp. 321-329, 2026, Article no.IJPSS.169459

or storage environments. Postharvest performance was assessed mainly through weight loss and shrinkage index, while a separate
spoilage-based shelf-life endpoint was not reported. Therefore, the observed reductions in physical deterioration should not be
interpreted as a directly measured extension in the number of marketable storage days.
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