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The aim of this study was to assess Annona muricata L. fruit extracts as an alternative to synthetic fungi-
cide against Alternaria alternata (Fries) Keissler, the causative agent of black spots of tomato fruit.
Antifungal activities of A. muricata pulp and seed extracts were tested both in vitro and in vivo. The seed
extracts were more potent at inhibiting A. alternata than the pulp extracts. The in vitro assay showed
maximum inhibition of radial mycelial growth of A. alternata (90%) by methanol seed extracts, at the
highest concentration of 6%. Similarly, the in vivo assay showed marked reduction in lesion diameter
(2.1 mm) and consequent disease inhibition (84%) on the tomato fruit treated with methanol seed
extracts. Scanning electron microscopy showed that A. muricata extracts significantly damaged the mor-
phology of hyphae and conidial structures. The FT-IR spectrum obtained from methanol extracts showed
bands representing important bioactive compounds that possess antifungal activity. Based on our find-
ings, Annona muricata fruit extracts can be further explored as a potential, excellent alternative approach
to control the postharvest Alternaria spots of tomato fruit.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tomato (Solanum lycopersicum L.) is an important commercial
crop cultivated and consumed worldwide, including in Saudi Ara-
bia (Al-Harbi et al., 2017). It is estimated that, in 2018, Saudi Arabia
(2018) produced about 312,343 tonnes of tomatoes on an area of
13,428 ha (FAOSTAT, 2020). Tomatoes are loaded with phytonutri-
ents and are mostly consumed in their fresh (raw), processed or
cooked form (Reimers and Keast, 2016). However, they are suscep-
tible to attack by an array of fungal pathogens, Alternaria alternata
being the most common. Alternaria alternata (Fries) Keissler is a
necrotrophic latent fungus that causes black spots on the surface
of ripening tomatoes, causing fruit deterioration (Encinas-
Bausurto et al., 2017). Alternaria alternata enters the host tissue
(tomato fruit) through wounds or natural openings (Pearson and
Hall, 1975) during the harvest or preharvest period, remains quies-
cent for several days and then shows up as black spots causing
Alternaria rot (Troncoso-Rojas and Tiznado-Hernández, 2014).
These spots appear as sunken lesions and are mostly found near
the blossom end or peduncle of the fruit, lead to fruit spoilage
and limit marketability, besides causing huge postharvest losses
(Prusky et al., 2013). Furthermore, Alternaria alternata produces
mycotoxins, which have various detrimental effects on human
and animal health and are also involved in the occurrence of muta-
tions, chromosomal aberrations and DNA damage (Escrivá et al.,
2017).

Alternaria black rot/spots of fruit and vegetables are primarily
controlled by the extensive application of synthetic fungicides.
The application of fungicides before and after harvest has proven
to be very effective in controlling the growth and development of
A. alternata (Troncoso-Rojas and Tiznado-Hernández, 2014). How-
ever, excessive use of fungicides not only pollutes the environ-
ment, but also results in fungicide-resistant pathogens and poses
a serious threat to human and animal health (Baibakova et al.,
2019).

Against this background, alternative strategies to curb the
postharvest losses of fruit and vegetables by fungal pathogens
are being extensively explored worldwide. Plant-derived natural
products including extracts have been shown to be less toxic, eco-
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nomical and highly efficient for such strategies (Chen et al., 2019).
Annona muricata L. (Am) is an exotic fruit, also called soursop or
graviola. The bark, stem, leaves, fruits, peel and seeds of Am have
substantial medicinal uses and have been used to treat various ail-
ments in traditional medicine (Anaya Esparza and Montalvo-
González, 2020).

Hence, the present research aimed to study the potential of Am
fruit extracts in controlling the postharvest black rot on tomatoes,
caused by A. alternata (in vivo and in vitro). To our knowledge, this
is first report showing the in vivo control of Alternaria spots on
tomatoes.

2. Material and methods

2.1. Plant material

The Annona muricata and tomatoes used in this study were pur-
chased from a local supermarket in Riyadh, Kingdom of Saudi Ara-
bia. Tomato fruit cv. Red Gold growing in Riyadh was used for all of
the experiments.

2.2. Phytopathogen

A. alternata, the rot or blackspot fungi of tomato, was provided
by the National Centre for Research, Agriculture and Livestock,
Riyadh, Saudi Arabia. Active culture was obtained by aseptically
transferring the fungi onto freshly prepared potato dextrose agar
(PDA) (Sigma-Aldrich, St. Louis, MO, USA) and incubated at 25 �C
for 7 days prior to the experiments. A pathogenicity test was also
conducted to further characterise the disease and pathogen.

2.3. Conidial suspension of A. Alternata

Briefly, a 14-day-old A. alternata culture plate (PDA) was
flooded with 15 ml of sterile distilled water (SDW). The surface
of the colony was gently scraped, after which the mycelial debris
was removed and filtered through three layers of sterile muslin
cloth. The concentration of the spore suspension (1 � 106 spores/
ml) was adjusted using a haemocytometer (Hosseini et al., 2020).

2.4. Pathogenicity test

Green tomato fruit without any disease symptoms was washed
with tap water and surface-sterilised for 2 min with 1% sodium
hypochlorite solution (2 min), followed by rinsing three times with
SDW. A sterilised needle was used to make a 2-mm-deep wound
on the fruit surface. Each wound was inoculated with 10 ll of coni-
dial suspension (106 conidia/ml). The inoculated tomato fruit was
then placed in a plastic tray and incubated at 25 �C and 95% rela-
tive humidity for 7 days. A small portion of the lesions was asepti-
cally transferred on PDA and incubated at 25 �C for 7 days. Colony
characteristics and microscopic structures were observed to con-
firm and fulfil the Koch postulates. Control fruit was inoculated
with SDW (10 ll). The tests were carried in triplicate (Zivkovic
et al., 2010).

2.5. Preparation of plant extracts

Healthy Am fruit was purchased from a local market and
washed under running tap water. The peel of the fruit was
removed and the seeds were separated from the pulp. The fruit
pulp and seeds were subjected to extraction. The seeds were
cleaned and dried in the shade, while the pulp was lyophilised.
Both were then ground into a fine powder separately with a mixer
grinder and subjected to extraction with solvents. Methanol and
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aqueous extracts of the pulp and seeds were prepared as described
by Rizwana et al. (2019). Briefly, 20 g of powdered pulp and seeds
were soaked separately in methanol and distilled water and placed
in a rotary shaker (Max Q-2000; Thermo Fisher Scientific) for 24 h.
Then, the extracts were filtered and dried on a rotary evaporator
and reconstituted with the extracting solvents to the desired con-
centrations (0.5%, 1%, 2%, 4% and 6% w/v). After reconstitution, the
aqueous extracts were filtered with a 0.45 lm bacterial membrane
Millipore filter (MF-MilliporeTM; Millipore, MA, USA).
2.6. Antifungal activity of Annona muricata extracts against Alternaria
alternata in vitro

The inhibitory activity of Am (pulp and seed) extracts on the
radial growth of A. alternata was evaluated by a poisoned food
technique (Dwivedi and Sangeeta, 2015). A 500 ll extract was
added to a sterile Petri dish, followed by sterilised molten agar
(PDA; Sigma-Aldrich, St. Louis, MO, USA). The extract and molten
agar were thoroughly mixed by gentle swirling of the plate and
allowed to solidify. After that, a 6 mm agar plug removed from
an A. alternata culture plate actively growing for 7 days was placed
in the centre of the poisoned plate. The plate was incubated at
25 �C for 7 days. The diameter of the colony (radial growth) was
measured after 7 days and percentage mycelial growth inhibition
was calculated following the method of Thomidis and Filotheou
(2016). Various concentrations of methanol and aqueous extracts
(0.5%, 1%, 2%, 4% and 6% w/v) were screened against A. alternata
in a similar manner. As a positive control, the extracting solvent
was used, while the negative control involved the fungicides man-
cozeb and carbendazim (0.2% M + C). The assay was repeated twice
and each treatment had three replicates.
Radial mycelial growth inhibition %ð Þ ¼ ðRC� RTÞ =RC� 100

Here, RC and RT denote the diameter of the mycelial growth
(colony) on the control and treated Petri plates, respectively.
2.7. Efficacy of Am extracts at controlling the blackspots of A. Alternata
on tomato fruit: In vivo assay

Briefly, fresh green tomato fruit, uniform in colour and size, was
washed and surface-sterilised with 1% sodium hypochlorite solu-
tion (2 min), rinsed three times with SDW and left to air-dry
(28 �C). An in vivo assay was performed via a slightly modified ver-
sion of a previously described method (Rizwana, 2018). The disin-
fected tomatoes were wounded (wounds 2 mm wide and 2 mm
deep) at three places with a sterile needle. Each wound was inoc-
ulated with a conidial suspension (106 conidia/ml), which was left
in place for 30 min, and then inoculated with 20 ll of Am seed and
pulp extracts individually. The inoculated fruit was left for

1 h and then placed in sterile trays, which were covered with
sterile plastic wrap. The trays were incubated at 25 �C (95% relative
humidity) for 7 days. The diameter of black spots/lesions was mea-
sured and percentage disease (lesion) inhibition was calculated
using the formula presented below. Control fruit was inoculated
with the conidial suspension of A. alternata without extracts. The
assay was repeated three times, with each treatment including
six tomatoes.
D ¼ ðLI � L2Þ=L1 � 100

Here, D is the percentage disease inhibition, while L1 and L2 are
the lesion diameters on control (with pathogen alone) and treated
tomatoes (seed and pulp extracts and pathogen).
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2.8. Scanning electron microscopy of in vitro and in vivo samples

The effect of Am extracts on the morphology of hyphal and coni-
dial structures was observed under a scanning electron microscope
(model-JSM-6060LV; JEOL, Tokyo, Japan) at the Central Laboratory,
King Saud University (female section). The culture plates of A. alter-
nata (treated with extracts) and control (not treated with extracts)
were selected for observation under a scanning electron micro-
scope. Briefly, a 6 mm disc was removed under aseptic conditions
from both treated and control culture plates. The specimens were
then fixed in 2.5% buffered glutaraldehyde for 24 h at 4 �C, washed
three times with 0.1 M phosphate-buffered saline and then refixed
for 24 h in buffered 1% osmium tetroxide. The specimens were then
subjected to dehydration with various dilutions of ethanol ranging
from 60% to 100%. After dehydration, the specimens were air-dried,
mounted on stubs and coated with a thin layer (20–30 mm) of gold
using a sputter coater. The specimens were then observed individ-
ually by SEM and microphotographs of them were taken.

Similarly, small portions (3 mm) from the lesions or black spots
on tomato fruit were taken and subjected to SEM as described
above. Briefly, specimens were removed from the lesions of both
the control (untreated) and the treated tomato fruit. Pulp and seed
extracts of methanol were chosen as specimens for SEM as water
extracts did not show any significant inhibition in the in vivo assay.

2.9. FT-IR analysis of methanol extract (seed and pulp)

The methanol extracts of Am were subjected to Fourier trans-
form infrared spectroscopic analysis (FT-IR) using a device from
Thermo Scientific, USA (Nicolet-6700). The scan range was 400–
4000 cm�1.

2.10. Statistical analysis

The results of this study were analysed by XLSTAT software ver-
sion 2020.1.1. The data shown in results are means of triplicate val-
ues and expressed as ± SD (standard deviation) for colony
diameter. All the values (colony growth, lesion diameter, percent-
age inhibition of mycelial growth and disease inhibition) were
determined for significant differences (P � 0.05) by analysis of
variance (ANOVA) and Tukey’s HSD test.
3. Results

3.1. Pathogenicity test

The tomato fruit artificially inoculated with a conidial suspen-
sion of A. alternata exhibited typical Alternaria black rot symptoms
at the end of 7 days of incubation. After 3 days of inoculation, sun-
ken areas were observed around the inoculation sites. On the 7th
day, the sunken areas had enlarged into black lesions, with promi-
nent mycelial structures visible on the infected spots. However,
control fruit (inoculated with distilled water) did not exhibit any
lesions. The fungus was reisolated from the lesions of the inocu-
lated tomato fruit, thus fulfilling the Koch postulates. The appear-
ance of the lesion, in terms of the morphology of colony, hyphae
and conidia, was identical to that of the inoculated isolates and
as described earlier (Simmons, 1992). Thus, the pathogen was con-
firmed to be A. alternata and the disease as Alternaria rot or black
spots of Alternaria.

3.2. In vitro growth inhibition of A. Alternata with Am extracts

In the present study, both methanol and aqueous extracts of Am
showed significant radial mycelial growth inhibition (P < 0.05) in a
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dose-dependent manner (Table 1). As depicted in Fig. 1, methanol
seed and pulp extracts at 6% concentration showed maximum
mycelial growth inhibition (90.93% and 79.56%), compared with
aqueous extracts (70% and 47.9%; Fig. 1). It was observed that
the methanol seed extracts caused marked reduction in colony
diameter at 4% concentration and the growth was minimal at 6%
concentration (Table 1). Similarly, mycelia treated with aqueous
extracts (pulp and seeds) exhibited clear changes in hyphal
growth; the colony had a woolly appearance compared with the
control. Thus, the findings in this study showed that, upon compar-
ing the extracts, methanol extracts were more effective at inhibit-
ing A. alternata than aqueous extracts. Likewise, seed extracts were
more potent in their antifungal activity than pulp extracts.

3.3. Efficacy of Am extracts in controlling the lesion diameter and
disease severity caused by A. Alternata (in vivo assay)

The potential of Am extracts to control the black spots on
tomato fruit in vivo was assayed by assessing the reduction in
decay area represented by lesion diameter in comparison to the
control. Consistent with our in vitro findings, methanol seed
extracts at a concentration of 6% demonstrated potent inhibitory
activity against Alternaria black spots, as there was a marked
reduction in the lesion diameter (2.1 mm) relative to that in the
control (14.83 mm), constituting disease inhibition of 84%
(Figs. 2-4). Similarly, methanol pulp extracts at 6% caused 75% dis-
ease inhibition. Conversely, aqueous extracts of both pulp and seed
achievedmoderate antifungal activity in the in vivo assay, with 52%
and 48% disease inhibition, respectively (Figs. 2-4).

3.4. Effect of Am extracts on the morphology of hyphae and conidia
(in vivo and in vitro)

From the in vitro antifungal assay, A. alternata samples at max-
imum inhibitory concentrations were selected for scanning elec-
tron microscopy. The extracts had various damaging effects on
the morphology of the mycelial and conidial structures, compared
with the findings in the control (Fig. 5). The sample from the con-
trol plate showed intact hyphae with smooth margins. The tubular
physical appearance of the hyphae was clearly demarcated, conidia
were muriform in shape with a small beak and the verrucose sur-
face of conidia was very clear (Fig. 5–Co). In contrast, the samples
treated with methanol pulp extracts exhibited shrivelled and slen-
der hyphae, while hyphal peeling was also seen. Conidia were
severely damaged; ruptured conidia with leaked contents were
captured in microphotographs (Fig. 5-MP). Similarly, the methanol
seed extracts of Am were quite potent at inducing severe morpho-
logical alterations in hyphae. The hyphae were damaged, peeled,
rough, and undulated. Some collapsed hyphae were also observed.
An absence of conidia was quite evident, indicating that the seed
extracts completely inhibited the formation of conidia (Fig. 5-
MS). The SEM findings corresponded to the in vitro studies.

Similarly, the aqueous extracts of pulp and seeds had destruc-
tive effects on the fungal morphology. The hyphae exhibited peel-
ing and some slender, distorted and shrivelled hyphae were also
observed (Fig. 5). Distorted, malformed and undeveloped conidia
were observed in samples treated with aqueous pulp extracts
(Fig. 5-WP), while the aqueous seed extracts did not show the pres-
ence of conidia, which is evident in the microphotographs (Fig. 5-
WS).

Methanol extracts exhibited potent in vivo inhibitory activity,
as there was a marked reduction in lesion diameter of black spots
in comparison to the findings in the control. Hence, wounded
portions of tomato fruit treated with methanol extracts were
chosen for SEM analysis. Samples from wounded lesions treated
with methanol extracts and left untreated as a control were



Table 1
The Effect of different concentrations of Annona muricata extracts on the radial mycelial growth of Alternaria alternata. The value represents the mean of the 3 replicates ± the
standard deviation. Significant difference in means (P � 0.05) were determined by analysis of variance-ANOVA and Turkey HSD test.

Solvent extracts of Annona muricata
Radial mycelial growth (cm)

Concentrations (%) Me-Pulp Me-Seeds Aq-Pulp Aq-Seeds

0.5 6.7 ± 0.2 5.73 ± 0.15 8.33 ± 0.15 7.33 ± 0.11
1 6 ± 0.17 4.86 ± 0.15 7.46 ± 0.05 7.3 ± 0.10
2 4.36 ± 0.15 3.96 ± 0.11 7.06 ± 0.05 6.26 ± 0.11
4 4.33 ± 0.11 2 ± 0.1 5.06 ± 0.11 4.9 ± 0.1
6 1.73 ± 0.05 0.766 ± 0.05 4.4 ± 0.2 2.53 ± 0.05
Control (WE) 8.47 ± 0.05 8.47 ± 0.05 8.47 ± 0.05 8.47 ± 0.05
Control (C + M) 0 0 0 0

Me-methanol extracts, Aq-aqueous extracts, WE- without extracts, C + M- carbendazim and mancozeb.

Fig. 1. Inhibitory activity of various Annona muricata extracts at different concentrations on the percentage mycelial growth inhibition of Alternaria alternata (F) Keissler
(in vitro).C + M = carbendazim and mancozeb. The value represents the mean of the 3 replicates ± the standard deviation. Significant difference in means (P � 0.05) were
determined by analysis of variance-ANOVA and Turkey HSD test.

Fig. 2. The effect of various concentrations of Annona muricata extracts on the lesion diameter on tomato fruit inoculated with Alternaria alternata. All values presented are
means of three independent experimental replicates. Significant difference in means (P � 0.05) were determined by analysis of variance ANOVA and Turkey HSD test.
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observed by SEM. The microphotographs of lesions from control
samples showed well-defined conidial and hyphal morphology.
The hyphae were smooth and tubular, while the conidia had a
distinct and intact shape with a verrucose surface without any
perforations (Fig. 6- Co). Meanwhile, the samples treated with
methanol pulp extracts showed broken, clustered and collapsed
2239
hyphae. Very few conidia were observed, while those present
had lost their shape (Fig. 6-MP). In accordance with the in vivo
findings, the microphotographs of lesion sections treated with
methanol seed extracts clearly showed the absence of conidia.
Mycelia were shrivelled, wrinkled and sparsely distributed
(Fig. 6-MS).



Fig. 3. The effect of various extracts of Annona muricata extracts on disease inhibition (black spots) on tomato fruit (in vivo assay). All values presented in standard error bars
are means of three experimental replicates. Significant difference in means (P � 0.05) were determined by analysis of variance ANOVA and Turkey HSD test.

Fig. 4. In vivo assay: tomato fruit treated with methanol and aqueous extracts of A.muricata fruit extracts (6%). C: control. Tomatoes treated with extracts (MP, MS, WP, WS):
MP: methanol pulp extracts, MS: methanol seed extracts, WP: aqueous pulp extracts, WS: aqueous seed extracts.
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3.5. FT-IR of methanol extract (seed and pulp)

The IR spectrum of methanol extracts (seed and pulp) indicates
some prominent peaks of important functional groups that possess
antifungal properties (Figs. 7, 8). Both the seed and the pulp
extracts showed broad peaks at 3327 cm �1 and 3350 cm �1, denot-
ing the presence of alcohols such as phenols and amines. Similarly,
the peaks at 2944 cm�1, 2922 cm�1, 2833 cm�1 and 2852 cm�1 are
due to stretching bands of C–H, which arise from carbohydrates,
lipids, amides and proteins. The peaks at 1657 cm�1 and
1652 cm�1 found in pulp and seed extract arose from C = C vibra-
tional stretching of aromatic compounds or terpenes. Peaks at
1448 cm�1 and 1454 cm�1 denote the presence of alkanes or car-
bonyl in acids. A peak at 1112 and sharp peaks at 1018 cm�1 and
1023 cm�1 are due to the C–O stretching region and stretching
vibrations of C–O–C arising from aldehydes and ketones. Seed
extracts showed two peaks in the IR spectrum, which were not pre-
sent in the pulp extracts (1320 and 1738 cm�1). The peak at
1320 cm�1 was related to aromatic compounds, while the sharp
peak at 1738 cm�1 corresponded to carbonyl and phenols groups
(Table 2).

3.6. Discussion

Black spots of tomato fruit are caused by the dematiaceous fun-
gus A. alternata. Alternaria alternata is an important pathogen that
causes substantial postharvest losses of tomato fruit. The objective
of this study was to determine the in vitro and in vivo antifungal
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activities of Am extracts against A. alternata. Morphological
changes induced by Am extracts on A. alternata were observed
using scanning electron microscopy. Functional groups of phyto-
components present in the extracts were identified using FT-IR
analysis. In the present study seed extract exhibited strong inhibi-
tion of A. alternata. In agreement with our findings, Am leaf extracts
were previously reported to cause significant inhibition of Aspergil-
lus niger, A. fumigatus, Mucor sp. and Candida albicans (Muthu and
Durairaj, 2015). León-Fernández et al. (2019) reported significant
antimicrobial activity of pulp extracts against an array of microor-
ganisms, they reported 38% and 59% growth inhibition of Rhizopus
stolonifer and Colletotrichum gloeosporioides, respectively.

Plants are an abundant source of various bioactive compounds,
many of which are secondary metabolites that serve as chemical
signals and confer resistance to numerous fungal phytopathogens
(Ramírez-Gómez et al., 2019). The variable antifungal activity
shown by methanol and aqueous extracts in the present study
could be attributed to the solubility properties of certain solvents,
as some solvents are more efficient in extracting important bioac-
tive compounds than others, methanol being one of them (Bakari
et al., 2017). Methanol extracts have the tendency to extract sev-
eral polar compounds, including flavonoids, tannins, alkaloids,
phenols and terpenoids (Kalidindi et al., 2015). Similar findings
were reported earlier, showing low activity of aqueous extracts
in comparison to methanol extracts (Solomon-Wisdom et al.,
2014).

Little information is available on the in vitro antifungal activity
of Am extracts against A. alternata. Moreover, to our knowledge,



Fig. 5. Scanning electron micrographs of A. alternata treated with methanol and aqueous extracts of A. muricata at 6% concentration (in vitro). MP and MS: methanol pulp and
seed extract, the microphotograph shows ruptured conidia, shrivelled and damaged mycelium. WP andWS: aqueous pulp and seed extracts, deformed conidia and mycelium,
absence of conidia in WP. Co-untreated (control): Well defined morphology of mycelium and conidia.

Fig. 6. Scanning electron micrographs of tissue from tomato wounds inoculated with methanol pulp and seed extracts- (MP, MS) of A. muricata at 6% on the 7th day (in vivo
assay). Lesion samples treated with methanol pulp (a, b) and seed extracts (c, d). Co: untreated (control). Microphotographs (MP, MS, Co) shows broken, collapsed mycelium
and deformed conidia (MP), shrivelled mycelium and absence of conidia (MS), well defined morphology of mycelium and conidia (Co) .
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Fig. 7. IR spectrum of methanol pulp extract of Annona muricata.

Fig. 8. IR spectrum of methanol seed extract of Annona muricata.

Table 2
FT-IR spectrum of the methanol extracts of Annona muricata pulp and seed extracts.

S.
no

Peak values
(cm�1)

Functional groups

Pulp
extracts

Seed
extracts

1 3327 3350 Strong and broad band due to OH-stretching
vibrations of hydrogen-bonded hydroxyl groups
or bonding in N–H (s)

2 2944 2922 The two peaks correspond to symmetric and
asymmetric stretching vibrations due to C–H (CH3

and CH2)
3 2833 2852

4 – 1738 C = O stretch
5 1657 1652 C = C aromatic skeletal stretching
6 1448 1454 C–H bending (alkanes)
7 – 1320 CH bending
8 1112 – C–O–H vibrational stretch of aliphatic compounds
9 1018 1023 Bands due to C = O stretch
10 607 639 CH bending vibrations
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this the first report showing the in vivo control of Alternaria black
rot by Am extracts. Consistent with our findings, in a study, bark,
leaves, stalks and flowers of different plant species from Brazil
were tested (in vitro and in vivo) against A. alternata (Fr) Keissl f.
sp. Citri. Among numerous screened plants, five were tested
in vivo on Murcott tangor fruit. Anadenanthera colubrina bark
extract was the most effective and the disease inhibition (repre-
sented by decay diameter) was similar to that of the screened com-
mercial fungicides (Carvalho et al., 2011). In addition, a recent
study reported significant inhibition of A. alternata lesions on
cherry tomatoes when treated with chitosan alone or in combina-
tion with methyl jasmonate (Chen et al., 2014).

Tomato fruit is prone to spoilage by fungi due to its high water
content and soft endocarp (Encinas-Basurto et al., 2017). The char-
acteristic black lesions or spots of A. alternata develop during cold
storage or transport, make the fruit unfit for consumption and
affect its marketability (Asai and Shirasu, 2015). Huge postharvest
losses of fruit and other food commodities due to fungal pathogens
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have prompted researchers to explore various natural products as
substitutes for synthetic fungicides. The application of natural
products (plant extracts), salts and essential oils as edible coatings
on fruit surfaces has shown promising results in combating
postharvest fungal attack and also in managing disease (Qadri
et al., 2020). Fungicides, such as carbendazim, benomyl, mancozeb
and thiabendazole, are used alone or in combination to control
postharvest pathogens. Generally, this involves dipping the fruit
in or spraying the fruit with fungicide prior to packaging (Fu
et al., 2017). As mentioned above, although fungicides are highly
efficacious in controlling some postharvest pathogens, their fre-
quent use has resulted in the emergence of fungicide-resistant
strains. Moreover, the negative impact of fungicide residues on
food commodities and the environment has raised serious con-
cerns (El Ghaouth et al., 2003). Hence, A. muricata extracts could
be an excellent alternative approach to control the postharvest
Alternaria spots of tomato.

A recent finding shows degenerating effects on fungal morphol-
ogy of various fungi when treated with extracts. Wrinkled, shriv-
elled, deformed and ruptured hyphae and conidia were observed
when phytopathogenic fungi like A. alternata, Macrophoma phase-
oloni and Fusarium species were treated with plant extracts (Otibi
and Rizwana, 2019). According to previous reports, bioactive com-
pounds such as flavonoids, phenols, polyphenols, ketones and aro-
matic compounds are lipophilic in nature and hence can easily
diffuse through the cell membrane, disturbing cellular stability
(Yusoff et al., 2020). These compounds interfere with the ABC
transport system; inhibit the synthesis of ergosterol, ATP and
aminoacyl tRNA synthetase leading to cellular dysfunction and
impair sterol metabolism, which eventually causes leakage from
fungal cells, plasmolysis and cell lysis (Rosen and Stein Gold,
2016; Yusoff et al., 2020). Hence, the morphological aberrations
of hyphae and conidia, as well as the marked reduction in spore
formation observed in our study, could be due to the abundance
of several bioactive compounds in Am extracts, leading to the
anomalies as observed by SEM.

The peaks and vibrational bands shown in the IR spectra of
extracts in this study have also been reported earlier and are asso-
ciated with phenols, polyphenols, aromatic compounds like flavo-
noids and terpenoids, ketones, carboxylic acids and aldehydes
(Massoud and Nafiseh, 2018). Similar peaks from Am extracts have
been reported earlier (Folorunso et al., 2019). Extensive phyto-
chemical analysis of different parts of Am including roots, stem,
leaves and fruit have shown the presence of several bioactive com-
pounds such as alkaloids, phenols, terpenoids, flavonoids and tan-
nins. (Solomon Wisdom et al., 2014; Anaya Esparza and Montalvo-
González, 2020)

Yet, in another recent study, phytochemical analysis of various
solvent extracts of A. muricata fruit showed the presence of some
important phytochemicals. Seed extract followed by leaf extract
showed considerably higher amounts of phenols, flavonoids and,
phytosterols in comparison to pulp and peel extracts. Besides,
the seed extracts exhibited the highest CUPRAC, FRAP, TEAC, and
DPPH scavenging activity, followed by leaf and peel extracts. Addi-
tionally, methanol seed extracts possessed the highest total pheno-
lic content compared to all the other solvents extracts used in the
study (Orak et al, 2019). Similarly, in the present study, the IR spec-
trum of seed extract showed two additional peaks (1320 cm�1 and
1738 cm�1) which were not found in the IR spectrum of pulp
extract. These peaks indicate the presence of phenols, terpenoids,
and aromatic compounds. Hence, the potent antifungal activity
(in vitro and in vivo) demonstrated by seed extracts could be due
to higher amounts of phenols, terpenoids, and flavonoids when
compared to pulp extracts.

Therefore, the significant fungistatic activity shown by Am
extracts in our study could be attributed to the presence of several
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bioactive compounds, such as phenols, polyphenols, flavonoids,
terpenoids, alkaloids and saponins. All of these compounds have
shown wide-spectrum antifungal activity in previous studies
(Bautista-Baños et al., 2002). The FT-IR analysis of Am extracts in
this study also identified many of the above-mentioned com-
pounds. Based on our in vitro and in vivo findings, Am extracts
could serve as an excellent alternative for controlling blackspot
of tomato. To the best of our knowledge, no reports showing the
in vivo control of A. alternata on tomato fruit have previously been
published.

4. Conclusions

Am extracts in the present study efficiently reduced the myce-
lial growth of blackspot fungi, A. alternata, in vitro. Moreover, the
extracts, especially seed extracts, significantly reduced the disease
incidence in an in vivo assay. Thus, our results indicate that Am
extracts have the potential to be used in postharvest control of
tomato rot. However, further research is needed to understand
the mode of action, toxicity, and any adverse effects on fruit
quality.
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