. % AIMS Agriculture and Food, 10(1): 155-176.
VIS DOI: 10.3934/agrfood.2025009
E Received: 12 August 2024
Revised: 23 January 2025
Accepted: 14 March 2025
Published: 24 March 2025

AR

https://www.aimspress.com/journal/agriculture

Research article

Inhibitory activity of the peel and seed of Annona cherimola Mill. against

Fusarium and Aspergillus pathogens

Clarissa Trindade!f, Carla S.S. Gouveia>>"* Maria Cristina O. Oliveira*, Humberto
Nobrega!, José G.R. de Freitas! and Miguel A.A. Pinheiro de Carvalho'??3

1 ISOPIlexis, Center Sustainable Agriculture and Food Technology, University of Madeira, Campus
da Penteada, 9200-105 Funchal, Portugal

CITAB, Centre for the Research and Technology of Agro Environmental and Biological Sciences,
Inov4Agro, University of Tras-os-Montes e Alto Douro, 5000-801 Vila Real, Portugal

3 Faculty of Life Sciences, University of Madeira, Campus da Penteada, 9020-105 Funchal, Portugal
ARDITI, Agéncia Regional para o Desenvolvimento da Investiga¢do, Tecnologia e Inovagao,
Caminho da Penteada, 9020-105 Funchal, Portugal

+ Clarissa Trindade and Carla S.S. Gouveia contributed equally to this work.

* Correspondence: Email: csgouveia@staff.uma.pt; Tel: +351291705000.

Abstract: The food industry plays a critical role in waste production, and new studies that propose
innovative uses to bio-residue are of high importance. Annona cherimola Mill., also known as custard
apple and cherimoya, has been described as a powerful source of bioactive compounds with various
applications, such as antifungal applications. Fungal infection can lead to crop productivity limitation,
product contamination, and food loss. This work evaluates the antifungal action of Annona cherimola
Mill. oils against Fusarium oxysporum and Aspergillus niger. The oils were extracted from peel and
seeds of 8 different A. cherimola varieties exclusive to Madeira Island (Portugal) and tested for their
antifungal potential. This fruit waste was tested, using two different growth measurement methods.
The extracted oils restricted the fungi growth, providing the first insights on antifungal properties of
the varieties waste. Between the tested tissues, peel oils exhibited a slight better action over F.
oxysporum than seed oils. Overall colony expansion of F. oxysporum was better controlled by custard
apple oils than 4. niger. Anis exhibited distinctive action against 4. niger and Funchal, Perry Vidal,
Matteus, and Dona Meécia controlled better F. oxysporum growth, suggesting phytochemical
differences between them. There is no previous research on the biowaste oil extracts from Annona
varieties found in Madeira Island and their properties against pathogens. This study successfully
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opened new insights on these varieties and the results exposed interesting properties that deserve
further research.

Keywords: antifungal action; Aspergillus niger; biowaste oil extracts; cherimoya; Fusarium
oxysporum, inhibition ratios

1. Introduction
1.1. An introduction to Annona cherimola

The Annonaceae family is divided in 7 genera, and the genus Annona includes 2,400 species [1].
Custard apple is cultivated on tropical and subtropical areas around the globe for its exotic fruit with
high nutritional value [2]. The semi-deciduous tree, slightly shrubby, can reach 9 m in height with
alternate simple leaves shifting shape from elliptical to oval of variable size [1]. The hermaphrodite
flowers are solitary in groups of 3 or 2 [3]. The fruit is typically conical or heart shaped with white
succulent pulp, brown or black seeds, and a smooth peel [4]. Native to South America, custard apple
was introduced to Europe in the mid-18" century [5] and has been cultivated in Madeira Island
(Portugal) since the 19" century. Custard apple worldwide proliferation allowed the creation of
cultivars with distinctive agronomical characteristics. A study showed that Madeira Island varieties
form a homogenous group with less correlation to varieties found in other tropical areas, which
indicates the existence of unique genetic pool with unique features [6]. The excellence, the
differentiation and unique cultivation conditions of this fruit led to “Anona da Madeira” Protected
Designation of Origin (PDO) registration by the European Union since 2000 (in agree with Regulation
(EU) N.° 1187/2000) [7].

1.2. The importance of Annona cherimola biowaste

The food industry is a key sector and a leading producer of waste which negatively impacts global
economy, environment and climate change [8]. Food waste cannot be prevented; however, new
research and techniques can open a wide range of potential applications for biowaste and food by-
products [9]. Annona fruits are consumed fresh for their pulp with sweet taste and health benefits, such
as being rich in fiber, vitamins (B and C), antioxidants, iron, calcium, phosphorus, and potassium [10]),
and there is a growing interest of establishing this species in Europe, but fruit processing and
transportation represent a key issue to producer countries, due to its sensitivity and high moisture,
leading to 75.8% post-harvest losses. During fruit consumption, it is estimated that 3—8.5% of waste
is generated from seeds and 20% from peel [11]. Given its benefits and fruit underappreciation [12],
studies including Annona cherimola are of high interest, generating new features and applications not
only for its pulp but also its fruit waste. Different studies have been conducted with custard apple
species which demonstrate its antifungal activity [13] due to its phytochemical composition and
biological activity [14]. Synthetic chemicals are frequently used to prevent fungal infection. However,
these antifungal factors carry undesired effects, such as environmental contamination, acquired
pathogen resistance, and overall residual toxicity. Hence the need for bioproducts capable of
controlling fungal threats with minimal consequences to the surroundings [13].
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1.3. The impact of Fusarium oxysporum and Aspergillus niger on agriculture and food security

Fusarium oxysporum is a cosmopolitan soil pathogen found worldwide with specificity to more
than 100 different hosts, including many plants of high agricultural interest [15]. The presence of this
pathogen originates from an illness known as Fusarium wilt [16]. The host plant initiates the infection
process by segregating biomolecules which act as signalers for F. oxysporum spore germination and
consequent germ tube development. The germ tubes establish contact with the host tissues allowing
the mycelial colonization leading to xylem invasion and restricting water flow. Ultimately, F.
oxysporum excretes enzymes and toxins to aid infection alongside virulence factors that dictate
pathogenesis [17]. The result is a scope of symptoms that limit plant growth, vascular discoloration,
and seed decay [18]. Some Fusarium species produce secondary metabolites that contaminate plants
and agricultural fields, decreasing crop yield and thereby impacting human health. Thus, F. oxysporum
represents an ongoing threat to worldwide agriculture and crop yield [19]. Due to its pathogenicity,
studies have been conducted to minimize plant impairment with the use of environmentally friendly
biological agents which can constraint fungal growth.

Aspergillus niger is a common widespread fungus with high adaptability and tolerance to
environmental changes [20]. Although is labelled with the GRAS status (Generally Recognized As
Safe) from Food and Drug Administration of US government for certain industrial processes, 4. niger
is one of the most common fungi causing food spoilage [21]. This species can produce extracellular
organic acids that enable them to cause decay of several cereals, nuts, beans, fruits, and vegetables [20,22].
Moreover, A. niger is associated to the production of two mycotoxins that are toxic for humans and
animals, fumonisin B2 and ochratoxin A [23,24]. Contaminated post-harvest crops can show
nutritional, sensorial and qualitative changes, like pigmentation, discoloration, deterioration, and
development of off-odors and flavors that reduces its commercial value, thereby causing significant
economic losses [20,21]. The produced mycotoxins can survive food production and processing
leading to an infected by-product [25].

1.4. Aim of the study

This study seeks to unfold the benefits of Annona cherimola variants in Madeira Island by
showing their seed and peel bio-waste oil extracts antifungal action and further influence on
agricultural research. These variants are not well known due to lack of research and this experiment
intends to test their antifungal action against two pathogens, Fusarium oxysporum and Aspergillus
niger. For data analysis, two measuring methods were used, calculated area (CA) and diameter average
(DA), in order to analyze which one would provide more accurate growth ratios and consequently
precise inhibition ratios (IR).

2. Materials and methods
2.1. Plant material and sample processing
Eight A. cherimola varieties were used in this study, of which 4 varieties from Centro

Experimental do Bom Sucesso (Funchal, South of Madeira Island), Funchal (FX), Madeira (MD),
Matteus (MT), Perry Vidal (PV), and another 4 varieties from a local producer (Santa Cruz, East of
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Madeira Island), Anis (AN), Dona Mécia (DM), Francesa (FR), and Moreira (MR) (Figure 1).

The unripe fruits were collected between December 2020 and January 2021. The ripening process
was done naturally on a bench. Once finished, the ripe fruit mass was registered, and the pulp, peel,
and seeds were separated. Seed and peel samples were then dehydrated in a ventilated oven (Heratherm,
Thermo-Scientific, Waltham, MA, USA) at 65 °C for 48 h and transformed into flour (IKA, Werke
M20, Staufen, Germany). The resulting flour was stored in vacuum at —20 °C (Liebherr Profiline,
Ochsenhausen, Germany) for oil extraction.

Funchal — South of Madeira Island

= N =

%

Madeira (MD) Matteus (MT) Perry Vidal (PV)

Santa Cruz — East of Madeira Island

Anis (AN) Dona Mécia (DM) Francesa (FR) Moreira (MR)

Figure 1. Annona cherimolla Mill. varieties and location.
2.2. Soxhlet extraction

Ten grams of seed and peel flour of each variety were used for the oil extracted by Soxhlet method.
Each extraction cycle lasted 8 h and was performed in triplicate, using 96% ethanol as solvent. The
resulting extract was stored at 4 °C (Liebherr Profiline, Ochsenhausen, Germany) overnight. The
remaining solvent was separated from the oil by roto-evaporation (Heidolph, Schwabach, Germany)
at 40 °C and 60 rpm. The oil was poured in petri dishes and placed in a ventilated oven (Heratherm,
Thermo-Scientific, Waltham, MA, USA) at 100 °C for 48 h to remove any excess solvent. Lastly, the
final product was moved to a desiccator, then scrapped off and transferred to 10 mL flasks. The oils
were stored at 4 °C for further application.

2.3. Fungal selection and culture
The strains selected for this antifungal assessment were Fusarium oxysporum (MT10) and
Aspergillus niger (MT23) obtained from the fungal collection of ISOPlexis, Centre for Sustainable

Agriculture and Food Technology. The mycelia preserved at —20 °C was transferred to 4 °C to
acclimate, then cultivated on potato dextrose agar medium (PDA) (Liofilchem, Italy), and incubated
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in the dark at 25 °C. Growth was observed throughout a week under natural conditions to guarantee
colony viability. Confirmation of the affiliation of each fungal strain to the species was made through
molecular techniques. Fungal DNA was isolated according to Yeates et al. [26], with adaptations. The
PCR was performed using the primers ITS1 (5’-TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5-
TCCTCCGCTTATTATTGATATGC-3") and the fragments were sequenced by the laboratories of
STAB VIDA (Lisbon, Portugal). The sequences were analyzed using the GenBank database and the
BLAST tool (See Appendix A).

2.4. Antifungal assessment

The antifungal assessment involved closely monitoring duplicate replicas over the course of a
week. Length (L) and width (W) measurements of Fusarium oxysporum (MT10) and Aspergillus niger
(MT23) fungal mycelia were rigorously recorded on the third and sixth days, and the average diameter
(DA) was accurately calculated using a ruler (Figure 2A). Furthermore, the precise calculated area
(CA) was obtained using the program /mageJ (Figure 2B).

X <l
et . A

C" C’_ C,' Cr—

Figure 2. Example of fungal mycelia development measurement methods. (A) DA
calculated from W and L using a ruler. (B) CA measured with /mageJ. The central point
marks mycelial inoculation and crosses indicates the oil solution application.

The colony development and morphology were meticulously captured for further in-depth
examination. To conduct a rigorous preliminary examination, the treatments for the two fungi implied
inoculating seven concentrations of oil extract originating from the skin and seed of the cherimoya
varieties in study. The highest concentration, C7, was 100 mg of oil extract per milliliter, followed by
C6 (80 mg/mL), C5 (60 mg/mL), C4 (40 mg/mL), C3 (20 mg/mL), C2 (15 mg/mL), and C1 (10
mg/mL). These concentrations were meticulously prepared by diluting C7 in 25% ethanol (EtOH) to
a total volume of 1 mL. Three controls were included to this assay, as well as in duplicate replicas: an
absolute control (PDA + fungus), a negative control (PDA + fungus + EtOH), and a positive control
(PDA + fungus + Benomyl). Benomyl, a commercial systemic benzimidazole fungicide sold as
Benlate (Be), was deliberately used for the positive control. The petri dishes were divided into 4
quadrants, each representing one individual concentration. Each treatment involved applying the
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selected oil extract concentration to a specific quadrant on PDA medium. The same rigorous technique
was employed for the positive and negative controls using EtOH and Benomyl, respectively.

2.5. Data analysis

The measurements collected on the third and sixth days of the fungal mycelia development were
analyzed following the procedure described by Hendricks et al. [27] and Guerrero-Alvarez and
Giraldo-Rivera [31]. The duplicated L and W values using a ruler were used to calculate DA and
transformed into the area of a circle [27] in cm?, using Equation 1:

DA=7rr2=n(

Average Diameter ) 2
2

(1

The fungal mycelia development CA, in cm?, were determined using ImageJ, an open-source
image processing program for scientific image analysis, from pictures previously obtained on both
days.

The values obtained from DA and CA were both converted separately to IR, with Equation 2:

IR = (Average Control Area—Average Sample Area) (2)

Average Control Area

2.6. Statistical analysis

The IR values for both methods were evaluated using principal component analysis (PCA) on
MVSP and Spearman test to determine correlations on SPSS. Data variance was analyzed on SPSS
using Kruskal-Wallis H test disclosed with Mann-Whitney U test, non-parametric statistical tests used
to compare the statistical differences (p <0.05) among and within variables in study. The custard apple
samples were sorted in two groups according to their local of harvest: South of Island for MD, FX, PV,
and MT, and East of Island for MR, AN, DM, and FR, to test their oil concentration (C4—C7) against
the F. oxysporum (MT10) and 4. niger (MT23) fungal growth measured according to age (3- and 6-
day old colonies).

3. Results

All the IR values obtained were calculated always comparing treatment values with absolute
control. The inoculation with higher oil concentrations of 100 mg/mL (C7), 80 mg/mL (C6), 60 mg/mL
(C5), and 40 mg/mL (C4) had a positive effect in the IR mycelia growth. In contrast, the lower oil
concentrations of 20 mg/mL (C3), 15 mg/mL (C2), and 10 mg/mL (C1) did not demonstrate any
inhibitory effect on fungal mycelia growth. Therefore, we included in the results discussion the oil
concentrations that have a minimum positive effect in the IR mycelia growth (C7—C4), excluding the
lower concentrations (C3—C1).

There were no differences between absolute control (fungus) and negative control (fungus +
EtOH). On the other hand, positive control (fungus + Benlate) greatly constrained F. oxysporum
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(MT10) growth reaching 100% inhibition, especially on younger colonies, when for 4. niger (MT23)
positive control IRs ranges from 83% to 56%.

3.1. Peel inhibition ratios obtained from diameter average data
Overall, the peel oil had a greater inhibition effect on F. oxysporum (MT10) than on 4. niger

(MT23), with higher IRs occurring always on the third day of the experience. Inhibition followed the
same pattern, being higher on the third day for all concentrations and lower on the sixth day (Figure 3).

A) A. cherimoya peel inhibition ratios from diameter average data B) A. cherimoya peel inhibition ratios from diameter average data
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Figure 3. Comparison of IRs of F. oxysporum (MT10, black bars) and 4. niger (MT23,
grey bars) based on DA at days 3 and 6 post-inoculation with custard apple peel oil
concentrations (C4-C7). Custard apple varieties are identified by harvest location and
abbreviations. Bars with different letters indicate significant differences (Kruskal-Wallis

H test with Mann-Whitney U test, p < 0.05).

For F. oxysporum (MT10) colonies exposed to C7, the variants which had a bigger influence on
growth were FX, PV, MT, and DM, reaching all values of 60% inhibition on the third day. DM, FX,
FR, and MT extracts exhibited continuous action on MT10, until the third day. PV extract initially
showed an inhibition action on fungal colony development, but after 6 days showed little control over
the fungus. The PCA (Figure S1A) stated that after 3 days. The PCA eigenvalues for MT10 were 0.017
on Axis 1 and 0.002 on Axis 2, with a cumulative percentage of 81.016% and 92.796% respectively
and the highest variable loading of 0.571 on Axis 1 for C7. The spatial distribution of cases shows that
FX and MT differed from other varieties extracts with higher inhibition values on MT10, followed by
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PV, DM, and FR. The vectorial tendencies of C4 differed from C5, C6 and C7. Spearman’s test
displayed strong correlations, |r| = 0.5, between all concentrations. The correlation between C7 and
C4 was lower, |r| = 0.549 (p < 0.01) and conversely, the similarities between C7/C6 |r| =
0.838 (p < 0.01) were higher. The inhibitory action was predominantly due to C7 and C6 on both
days, while C5 of FR, MD, and PV extracts had a bigger impact on fungal mycelia development. A
continuous inhibition was observed with MT, FX, DM, and FR extracts on the sixth day. Over time,
higher concentrations (C7 and C6) controlled fungal growth better than lower concentrations (C5 and
C4) apart for MT extract, which had stronger action on C4 and C5 even after 6 days. The peel samples
of AN showed little effect on MT10 throughout the days.

The inhibitory action of oil extracts on 4. niger (MT23) was lower than F. oxysporum (MT10),
except for AN which reached 89%  inhibition, following the same inhibition pattern on other
concentrations and on 6 days old colonies (Figure 3). The FX and MD varieties displayed IRs of 50%
on the third day, with lower inhibition on the sixth day (31%—-14%). In the PCA (Figure S1B) shows
the eigenvalues of 0.075 for Axis 1 and 0.005 for Axis 2, explaining a cumulative variation of 90.012%
and 95.662% accordingly, and the highest variable loading of 0.566 on Axis 1 for C7. Most cases
(cherimoya variant oil) were separated following the C7 vector. However, FX, MD and PV showed
tendency close to the C4 vector separation. Once again, it was observed significant correlations
between all concentrations, |[r| = 0.6 (p < 0.01). Contrary to MT10, there is no evident pattern
between the different concentrations, and the highest correlation value was attained between C7 and
C5|r] = 0.867 (p < 0.01). AN extract overperformed when compared to other custard apple
extracts, presenting high IRs, during the whole test and the best inhibition results on the third day. The
PCA biplot supports the obtained graphic for 4. niger (MT23) (Figure 3), showing FX and MD with
the highest IRs after AN, and PV showing greater IR on the sixth day. In contrast, MT peel oil failed
to inhibit MT23 growth on both days.

The Kruskal-Wallis test revealed significant differences between the peel oil from East and South
groups (p < 0.05) for all concentrations and both fungi. On F. oxysporum (MT10), samples were all
grouped according to age, being this the distinctive factor. For A. niger (MT23), samples were grouped
only by age on C4. On C5, 6-day old South harvested custard apple samples showed significant changes
when compared to other groups. On C6 and C7 there were no significant differences between all groups.

3.2. Seed inhibition ratios from diameter average data

Unlike the peel, the seed oil performed similar against F. oxysporum (MT10) and A. niger (MT23),
with a slight weaker inhibition on MT23. Again, the third day showed higher growth delay than the
sixth day on every concentration and on both fungi (Figure 4).

For F. oxysporum (MT10) on the third day, FX dominated exhibiting IR values higher than 55%
on every concentration, followed by PV, FR, and MR. On the sixth day, FX and MR extracts
suppressed MT10 proliferation better than other varieties extracts. Both FX and MR showed similar
IRs for all concentrations, while DM only showed high IR on C7, reaching 66% of inhibition. On the
third day PV and FR surpassed MR, but inhibition decayed over time. The PCA biplot separated MT10
colonies in two clusters (Figure S2A) according to their age, with the third day demonstrating the best
results once more. The PCA eigenvalues were 0.027 on Axis 1 and 0.003 on Axis 2, with cumulative
percentages of 80.338% and 89.731% respectively, and with the highest variable loading being C7
with 0.537 on Axis 1. The tested concentrations showed different vectorial tendencies, where C7 had
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greater impact on DM during the third day, while other 3-day old colonies scattered according to C5
and C4. All concentrations showed significant correlations except for C5/C4 (p = 0.01). C6/C7
obtained the highest correlation coefficient |r| = 0.744 (p < 0.01). The case scores showed FX
accomplished the best inhibition results on both days, followed by MR which had the second-best
result for the sixth day. The remaining samples from 6-day old colonies agglomerated similarly, with
a higher load on the variables C6 and C5.

A) A. cherimoya seed inhibition ratios from diameter average data B) A. cherimoya seed inhibition ratios from diameter average data
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Figure 4. Comparison of IRs of F. oxysporum (MT10, black bars) and 4. niger (MT23,
grey bars) based on DA at days 3 and 6 post-inoculation with custard apple seed oil
concentrations (C4-C7). Custard apple varieties are identified by harvest location and
abbreviations. Bars with different letters indicate significant differences (Kruskal-Wallis
H test with Mann-Whitney U test, p < 0.05).

Regarding A. niger (MT23) colonies, on 3-day old, AN obtained IR values of 26%, 50%, 72%,
and 41% on C7, C6, C5, and C4, respectively, while MD established the highest IR value for C7,
reaching 59% inhibition and over 40% inhibition on other concentrations. The MT23 PCA biplot
(Figure S2B) pointed that C5 had a heavy influence on AN scattering on both days and C7 on MR on
the 3 day. The PCA eigenvalues for MT23 were 0.025 on Axis 1 and 0.007 on Axis 2 with cumulative
percentages of 74.496% and 94.662%, respectively. The highest variable loading value was C5 with
0.651 on Axis 1. All correlations between concentrations were significant, with C4/C5, C4/C6, C5/C6
and C7/C6 presenting strong correlations at (p < 0.01), and C7/C4, C7/C5 displaying significant
correlation values at (p < 0.05). The lowest correlation value was observed between C7 and C4
|r] = 0.394 (p < 0.05) and the highest between C4 and C6 |r| = 0.702 (p < 0.01). Apart from
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MR, AN and DM, all samples followed the C4/C6 vector tendencies on the third day. On the sixth day
distribution was mainly affected by C6 and C4 vectors and with lower inhibition than third day IRs
except for AN. MD also exceeded inhibition on the 3rd and 6th days. Contrary to MT10, MR seed oil
performed poorly on MT23, specially on the sixth day.

The Kruskal-Wallis test affirmed the existence of significant differences between the seed oil
from East and South groups (p < 0.05) for all concentrations on F. oxysporum (MT10) and A. niger
(MT23). For MT10, substantial differences were observed between 3-day old and 6-day old groups,
with a noticeable split in C7. On MT23, the grouping pattern was repeated except for C5, which was
not able to disclaim any differences between the presented groups. Furthermore, C4 exhibited greater
differences between East variants from the sixth day and South variants from the third day.

3.3. Peel inhibition ratios from calculated areas

The peel IR from CA values for F. oxysporum (MT10) and A. niger (MT23) do not discriminate
a higher inhibition tendency on any strain (Figure 5). Instead, similar to the peel DA inhibition ratios,
the third day has highest IRs than the 6th day on both fungi, and C7 attained higher IRs than C4.

For F. oxysporum (MT10), MR and PV performed the best on every concentration on the 3rd day,
reaching values of 60% and 57% inhibition on C7, respectively. Afterwards, MR and DM action were
maintained while PV had reduced influence on growth, reaching low IRs on the sixth day. The PCA
biplot for MT10 (Figure S3A) sorted samples according to their age, except for FX and MD. Each
variable formed a distinct vector, with most samples scattering according to C7 vector. The PCA
eigenvalues were 0.050 on Axis 1 and 0.009 on Axis 2 with cumulative percentages of 76.866% and
90.641%, respectively. The highest variable loading value was 0.526 on C6. The case scores showed
MR high influence on MT10 colony growth on the third day and sixth day, performing the best when
compared to other variants, followed by PV and DM. The PCA biplot supports data previously
observed which showed PV scarce influence on 6" day growth while DM prevailed on both days. Both
FX and MD exerted poor inhibitory action on MT10 throughout a week. All concentrations are
strongly correlated, with C6/C5 presenting significant correlation at p < 0.05 and the remaining at
p < 0.01. The strongest correlation was observed between C7 and C4 [r| = 0.842 (p < 0.01).

On A. niger (MT23), AN peel oil had the highest IRs on every concentration and age, reaching 100%
inhibition on C6 after 3 days of development. Both PV and MR limited fungal expansion continuously,
contrariwise after 6 days of growth MT and FX showed low impact on MT23 maturation. The PCA
obtained for MT23 samples (Figure S3B), failed to form clear clusters, contrasting previous results,
and suggesting a lower inhibitory action overall. The eigenvalues were 0.108 on Axis 1 and 0.007 on
Axis 2 with cumulative percentages of 89.685% and 95.510%, respectively, the variable with the
highest loading was C6 with 0.591 on Axis 1. Most samples dispersed according to C7 and C6, except
for AN and FR which followed C4 and C5, respectively. The case scores scatter, confirmed AN high
inhibitory activity on both days and M T poor action against colonies. The four variables are all strongly
correlated once more, with C5/C4, C5/C6, C5/C7 atp < 0.05 and the remaining atp < 0.01. C5
exhibited lower correlation values with other concentrations || < 0.6, while C7, C6 and C4 obtained
high correlation coefficients |r| = 0.85. The highest correlation value was observed between C6 and
C4|r| = 0913 (p < 0.01).
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A) A. cherimoya peel inhibition ratios from calculated area B) A. cherimoya peel inhibition ratios from calculated area
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Figure 5. Comparison of IRs of F. oxysporum (MT10, black bars) and 4. niger (MT23,
grey bars) based on /mageJ- CA at days 3 and 6 post-inoculation with custard apple peel
oil concentrations (C4—C7). Custard apple varieties are identified by harvest location and
abbreviations. Bars with different letters indicate significant differences (Kruskal-Wallis
H test with Mann-Whitney U test, p < 0.05).

The Kruskal-Wallis test of the peel inhibition ratios obtained from CA outcome diverged from
previous results obtained for peel oil DA inhibition ratios. For F. oxysporum (MT10), only C7
displayed significant statistical differences (p < 0.05), with other variables not showing prominent
differences between East and South cherimoya variants. C7 East variants on the third day attained
significant differences from South variants and East variants on the sixth day. For 4. niger (MT23), the
same pattern was repeated, with only CS5 attaining significant differences (p < 0.05).

3.4. Seed inhibition ratios from calculated areas

The CA suggests that the seed oil performed similar on both fungi and IR was greater on the third
day (Figure 6). MR and PV attenuated F. oxysporum (MT10) growth on all concentrations, with MR
reaching 70% IR on C7 and C6 and over 60% inhibition on both C5 and C4. MR effect was prolonged
throughout the 6 days of testing on MT10, along with DM and FR. Meanwhile, MD, FX and MT acted
poorly on MT10 colonies, allowing the colonies to grow bigger. The MT10 PCA case scores (Figure S4A)
distributed similarly, following C7, C5, and C4 mostly, except for DM and FX on the sixth day of
growth, on which C6 had a higher impact. The eigenvalues obtained by MT10 samples were 0.096 for
Axis 1 and 0.006 for Axis 2 with cumulative percentages of 88.560% and 94.129%, respectively. MR,
PV, and AN, attenuated growth from the beginning, with MR prolonging its action throughout the
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week. DM maintained the inhibit action, initially with C7 restraining growth the most and after the 6
days C6 exhibited better action. On the contrary, MD, FX, and MT had low impact on fungal growth.
C7 was the variable with the heaviest loading of 0.540 on Axis 1. All variables strongly correlated
with each other, |[r] = 0.8 (p < 0.01). The strongest correlation was between C7 and C4 |r| =
0.929 (p < 0.01).

A. cherimoya seed inhibition ratios from calculated area B) A. cherimoya seed inhibition ratios from calculated area

08 ¢ mF. oxysporum (MT10) u A niger (MT23) 12 ¢ u F. oxysporum (MT10) # A. niger (MT'23)

Days after inoculation with seed oil concentration C4 (40 mg/mL) Days after inoculation with seed oil concentration C5 (60 mg/mL)
C) A. cherimoya seed inhibition ratios from calculated area D) A. cherimoya seed inhibition ratios from calculated area
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Days after inoculation with seed oil concentration C6 (30 mg/mL) Days after inoculation with seed oil concentration C7 (100 mg/mL)

Figure 6. Comparison of IRs of F. oxysporum (MT10, black bars) and A. niger (MT23,
grey bars) based on ImageJ- CA at days 3 and 6 post-inoculation with custard apple seed
oil concentrations (C4—C7). Custard apple varieties are identified by harvest location and
abbreviations. Bars with different letters indicate significant differences (Kruskal-Wallis
H test with Mann-Whitney U test, p < 0.05).

Again, AN performed the best against 4. niger (MT23) growth achieving 100% inhibition on C5,
with further 58% growth constrain on the sixth day. AN, FX and MR also limited colony expansion
on every concentration, but FX lost effectiveness on the sixth day. The PCA biplot for MT23 (Figure S4B),
resulted on centered case scores, with no evidence of clear clusters. The eigenvalues were 0.030 on
Axis 1 and 0.010 on Axis 2, with cumulative percentages of 67.723% and 90.929%, respectively. The
variable with the highest loading was C5 with 0.777 and FR placed along the C5 vector while other
variants aggregated with the remaining concentrations. On the sixth day, FX clearly displayed the worst
IRs, positioning it far apart from other samples. The variables C7, C6, and C4 were all correlated, with
C4/C6, C4/C7 |r] = 0.7 (p < 0.01), and C5/C4, C6/C7 |r| = 0.5(p < 0.05). C5 was only
correlated with C4 |r| = 0.510 (p < 0.05) and the strongest correlation was C6/C4 |r| =
0.714 (p < 0.01).

AIMS Agriculture and Food Volume 10, Issue 1, 155-176.



167

Kruskal-Wallis test showed that there were no significant statistical differences between East and
South variants on both fungi, except for 4. niger (MT23) at seed 0il C4 (p < 0.05).

3.5. Colony morphology observation

The morphologies observed for some treatments and negative control can be observed in Figure 7.
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Figure 7. Morphological test of F. oxysporum (MT10) and A4. niger (MT23) colonies by age:
(A) Absolute control colonies, (B) Colonies exposed to AN oil, (C) Colonies exposed to MR
oil, and (D) Colonies exposed to MD oil. Each row displays results for peel and seed oil.

Most F. oxysporum colonies (MT10) exposed to the oils developed phenotypical differences
when compared to absolute control colonies. The absolute control colonies exhibited a pinkish white
color and a cottony-like aerial mycelium. The center of the colonies had pink coloration with white
hyphae colonizing a whole quadrant on the sixth day of growth. Meanwhile, MT10 colonies subjected
to Annona oils presented an overall dark pink coloration and slower growth when compared to control.
Both FX and MD caused MT10 colonies to develop an intense pink color, but the colonies grew as
much as the control, taking over the whole plate. In most variants, the peel oil induced the development
of stronger pigmentation on exposed colonies, except for AN. The colonies which interact with MR
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and PV oils, grew less when compared to the control and other variants but exhibited lighter coloration.
However, on C7 it was possible to note a darker pigmentation than other concentrations, especially on
MR seed oil.

A. niger colonies (MT23) presents yellow coloration on controls and treatments. The colonies
exposed to oils grew less when compared to the negative control but overall, there were no significant
morphological changes induced by the oils.

4. Discussion

The Plant kingdom is a reliable source of diverse phytochemicals and bioactive elements with
strong action against various pathogens. These bioactive substances have numerous botanical origins
and chemical classifications, the most abundant of which are polyphenols [29]. It has been stated that
Annona sp. incorporates various phytochemicals which are normally classified as flavonoids,
terpenoids, alkaloids, and polyphenols [4,30]. Various studies have accomplished data that
demonstrates its rich phytochemical composition and added antimicrobial action [2]. The following
experiment reinforces this idea, showing that Annona cherimola Mill. variants found exclusively in
Madeira Island stimulated a defense response on Fusarium oxysporum and Aspergillus niger.
Interestingly, different variants originate different levels of inhibition on the tested fungi, suggesting
phytochemical differences among them. Gentile et al. [30] conducted nutritional analysis on 7 different
A. cherimola variants: Campas, Fino de Jete, Chaffey, White, Daniela, Torre I, and Torre II. All
variants presented differences in nutritional, mineral, and vitamin contents, as well as total phenolic
content (TPC) demonstrated changes between variants, proposing also heterogenous biological
activity. Likewise, Puccio et al. [29] carried out phytochemical analysis on two variants, Fino de Jete
and Torre I, concluding there were bioactive differences. AN peel demonstrated effective action
against A. niger ranging from 56% to 100% inhibition on both used fungal growth measuring methods,
CA and DA, and performing better than the commercial fungicide which inhibited growth up to 86%.
Comparing to other variants, this suggests that AN composition might differ resulting in inhibition
against this specific fungus [32]. Data related to fungal radial growth was analyzed with two different
methods previously described [28,33]. On both methods, sensitivity was observed on the two fungi,
with greater results on F. oxysporum (MT10). The attained IRs revealed that the oils had a heavier
impact on 3-day old colonies than 6-day old colonies, an effect that was previously observed in another
study [33]. This outcome can be related to the fast adaptative response characteristic of these fungal
strains and efficient stress-induced defense mechanisms [34,35]. Overall, both seed and peel oils caused
similar growth limitations with different levels of inhibition depending on concentration and variant.
Although there were no significant differences between all tested concentrations, since all of them were
correlated to each other, it was possible to observe an inhibition pattern, where the higher the
concentration, the greater the inhibition. This phenomenon was equally observed by Méndez-Chévez et
al. [13], opening room for further research, testing higher concentrations in order to reach total inhibition.

When comparing both growth measuring methods, some variants presented incongruent results:
the estimated DA areas showed a great inhibitory action while CA method contradicted this fact or
vice-versa (Figures 4, 6). CA however has a higher sensitivity to small changes in colony morphology
and growth than DA areas. Hendricks et al. [27] tested these two methods on Phyllosticta critricarpa
and also observed significant differences between DA and CA values, especially at lower fungicide
concentrations: CA was more sensitive to growth changes than DA. Radial growth estimations should
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be performed in fungal colonies which have an equal superficial rate growth in all directions,
describing a circular shape. This condition can be applied to F. oxysporum and A. niger. Nevertheless,
the results attained in this study confirm that both methods successfully showed growth differences
between control colonies and colonies exposed to the different oils, but CA has a greater perceptiveness
to slight changes which are imperceptible to an estimated area.

The study exposed the bioaction diversity present in these variants when fighting different fungi.
MR peel and seed oil performed greatly against F. oxysporum (MT10), along with DM and PV and
curiously, some variants presented prolongated control over colony growth (MR and DM), while
others constrained early growth only (PV) (Figures 5, 6). For 4. niger (MT23), most variants revealed
little control over colony expansion apart from AN, which reached 100% inhibition. 4. cherimola Mill.
antifungal action has been also described by Méndez-Chavez et al. [13], using leaf extracts against F.
oxysporum. The extract limited colony growth on all tested concentrations, ranging from 49% to 100%
inhibition. The statistical results on this study were supported by morphological differences observed
on the colonies (Figure 7). According to previous research, F. oxysporum negative control colonies
produced a phenotype expected under normal conditions [36]. The F. oxysporum (MT10) colonies
cultured in the presence of A. cherimola oils developed a different morphology: most of the colonies
presented a much darker coloration especially when in direct contact with the oil. This occurrence can
be described as phenotypic plasticity, a short-time response to environmental changes [37] and it has
been shown that the Fusarium genus produce different pigments according to growth conditions [38].
The different variants promoted morphological change, for instance, although MD and FX colonies
grew as much as absolute and negative controls, they produced stronger pigmentation than other oils.
These pigmentation changes could be related to an alteration of spores development [39] and it has
been stated that darker color in F. oxysporum equals reduced spore production resulting in reduced
virulence. This discover could be a promising solution for food contamination and storage or soil
health. The controlled virulence equals less spore production and reduced reproductive action.
Although colony development was not fully inhibited as observed with Benlate, MR and PV led to
lighter pink colorations on F. oxysporum (MT10) colonies and restricted growth originating smaller
colonies when compared to negative control, which could suggest a lack of defensive response from
the fungi due to oil toxicity (Figure 7). Seemingly this indicates that the oils did in fact trigger
distinctive responses in F. oxysporum (MT10) which could be justified with the possible
phytochemical heterogenicity present in Madeira variants. On the other hand, there were no significant
morphological differences between the absolute control of 4. niger (MT23) and the tested colonies
apart from size.

Furthermore, Annona sp. properties have been investigated by several authors which
demonstrated both its antifungal and antibacterial action. Abdul-Hammed et al. [39] tested the
inhibitory influence of 131 phytochemicals isolated from Annona muricata against Candida albicans.
The results showed that some Annona flavonoids and alkaloids achieved better inhibition against the
tested pathogens than fluconazole and standard voriconazole, medicine used to treat fungal infections.
Rabélo et al. [14] achieved antimicrobial activity using leaf and stem extracts of Annona atemoya. The
study concluded that Gram-positive bacteria exhibited a stronger reaction to the oil, suggesting a
possible interaction with the peptidoglycans present in the cell membrane. Additionally, three different
solvents were tested for oil extraction (methanol, ethanol, and hexanol), resulting in different levels of
inhibition with only ethanol and methanol-based extracts inducing microbial sensitivity. The outcome
was justified with the high concentration of flavonoids present in the ethanol and methanol substrates
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due to their molecular polarity, while the hexanol solvent extracted mostly terpenoids. However,
Abdel-Rahman et al. [40] demonstrated that terpenoids extracted from Annona seeds have an
inhibitory effect against diverse bacterial strains; the resulting extracts constrained P. aeruginosa
proliferation greatly and controlled Escherichia coli and Staphylococcus aureus growth. Guerrero-Alvarez
& Giraldo-Rivera [31] reported how different Annona species behave against selected bacteria. The
results showed that 4. cherimola exhibited action against E. faecalis and A. montana, while A. glabra
and A. reticulata originated a response on S. aureus. The study concluded that this antimicrobial
property could be associated to saponins which interact with the cell membrane present in Gram-
positive bacteria. Once more, it was showed that the extracts obtained from different species had
phytochemical differences which expressed distinctive bioaction.

The Anonanaceae family possesses exclusive substances of high interest that have been described
previously by multiple studies [41,42]. Annonaceae acetogenins (ACGs) derive from long-chain fatty
acids and are formed by hydroxyl groups, one to three tetrahydrofuran (THF) rings and 35 to 37
carbons attached to a terminal y-lactone. ACGs can be found on different parts of Annona plants,
including peel and seed which are not consumed and represent a considerable percentage of the fruit.
Therefore, the biowaste has significant interest due to ACGs strong antimicrobial and antitumoral
properties and studies have been carried with the intent of optimizing its extraction and further
applications [43]. Research has unveiled the main mechanisms of action involved in ACGs activity.
These metabolites compromise aerobic respiration by inhibiting ubiquinone oxidoreductase NADH,
thus constraining the mitochondrial respiratory complex I. ACGs also interact with plasma enzymes
responsible for the production of ATP under anoxic conditions, and histones interfering in gene
regulation. Lastly, ACGs can induce early apoptosis by mitochondrial interaction or caspases 9 and 8
activation [44]. These characteristics make Annona ACGs great candidates for the creation of bio-
antimicrobial products and further research to discover which mechanisms provoke sensitivity and
growth inhibition in certain fungal and bacterial species.

Like other Annona species, A. cherimola Mill. composition is rich in phytochemicals, with
distinctive properties and biological activity [42]. Research conducted with A. cherimola extracts,
compared its antioxidant activity to Annona muricata L. extracts, showing higher yields on A.
cherimola, associated to the presence of ACGs. Aguilar-Villalva et al. [44] confirmed once more the
inhibitory impact of 4. cherimola against Gram-positive bacteria. Thereby, A. cherimola is an effective
source of ACGs, comprising an array of 41 ACGs, isolated from seeds, leaves, stems, and roots. These
compounds present chemical diversity which originates distinct substances: the number of hydroxyl
groups and positioning of the THF ring plays a crucial role, defining bioactivity [2]. Some identified
ACGs remain unstudied and their effects unknown. There are no current studies describing the ACG
profile of A. cherimola variants found in Madeira Island, and these clearly trigger defensive
mechanisms in F. oxysporum and A. niger, suggesting the presence of antifungal compounds. The
nutritional value and phytochemical analysis of Madeira variants are of high importance in order to
understand the agents responsible for antifungal activity and to unfold potential new properties.

5. Conclusions
Plants are a rich source of bioactive elements with various beneficial effects, and diverse studies

have shown that Annona cherimola Mill. has beneficial properties that act against fungal threats. All
cherimoya variants tested in the present study triggered a reaction on both Fusarium oxysporum and
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Aspergillus niger, showing promising results for the use of peel and seed residues as ingredients for a
potential bio-fungicide. The fungi presented different responses, from growth constriction to
morphological changes when exposed to peel and seed oils and compared to absolute and negative
controls. There were no significant differences between the tested tissues, but data suggests that 100
mg/mL peel oils from FX, PV, MT, and DM controlled better F. oxysporum growth, reducing up to
60% on the third day of post-inoculation and AN limited 4. niger growth, reaching 100% inhibition.
Apart from growth limitations, the oils originated morpho-changes on Fusarium oxysporum, which
could be related to attenuated virulence. The different concentrations applied to the colonies exhibited
similar action, with no considerable change between treatments. However, the measuring method using
CA values to calculate IR obtained more accurate results when compared to the pictures, and is
therefore a better representation of IR. The data acquired in this study confirmed the value of A.
cherimola variants found in Madeira Island and provided useful information about their antifungal
activity. Further research should be carried out to better understand the phytochemical background
responsible for these results and ideally establish a nutritional profile on all variants, as well as the
extraction and isolation of present ACGs.
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Supplementary
Appendix A

MT10-ITS1
CCAACCCCTGTGAACATACCACTTGTTGCCTCGGCGGATCAGCCCGCTCCCGGTAAAACGGGACGGCCCGC
CAGAGGACCCCTAAACTCTGTTTCTATATGTAACTTCTGAGTAAAACCATAAATAAATCAAAACTTTCAACAA
CGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCAAAATGCGATAAGTAATGTGAATTGCAGAATTCAG
TGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTT
CAACCCTCAAGCACAGCTTGGTGTTGGGACTCGCGTTAATTCGCGTTCCCCAAATTGATTGGCGGTCACGTC
GAGCTTCCATAGCGTAGTAGTAAAACCCTCGTTACTGGTAATCGTCGCGGCCACGCCGTTAAACCCCAACTT
CTGAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAATAAGCCGGAGGAA
Reference strain: Fusarium oxysporum Fo47; Sequence ID (Genebank): NC 072843.1; Percent identity: 99,60%; Query
cover: 99%

MT23-ITS1
CTTTGGGCCCACCTCCCATCCGTGTCTATTGTACCCTGTTGCTTCGGCGGGCCCGCCGCTTGTCGGCCGCCGG
GGGGGCGCCTCTGCCCCCCGGGCCCGTGCCCGCCGGAGACCCCAACACGAACACTGTCTGAAAGCGTGCA
GTCTGAGTTGATTGAATGCAATCAGTTAAAACTTTCAACAATGGATCTCTTGGTTCCGGCATCGATGAAGAAC
GCAGCGAAATGCGATAACTAATGTGAATTGCAGAATTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGC
CCCCTGGTATTCCGGGGGGCATGCCTGTCCGAGCGTCATTGCTGCCCTCAAGCCCGGCTTGTGTGTTGGGTC
GCCGTCCCCCTCTCCGGGGGGACGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGATCCTCGAGCGTATGG
GGCTTTGTCACATGCTCTGTAGGATTGGCCGGCGCCTGCCGACGTTTTCCAACCATTCTTTCCAGGTTGACCT
CGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCCGGAGGAA

Reference strain: Aspergillus niger supercontig An03; Sequence ID (Genebank): NT 166520.1; Percent identity: 99,64%;
Query cover: 100%
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Figure S1. PCA biplot case scores for (A) F. oxysporum (MT10) and (B) 4. niger (MT23)
for the 3" and 6" day inhibition ratios (IR) from average diameters (DA) of the custard
apple peel oils (C4-C7). Each custard apple variant oil is represented by its respective
abbreviation name, and sorted in two groups according to their local of harvest: East of
Island for MR, AN, DM, and FR, and South of Island for MD, FX, PV, and MT.
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Figure S2. PCA biplot case scores for (A) F. oxysporum (MT10) and (B) 4. niger (MT23)
for the 3™ and 6 day inhibition ratios (IR) from average diameters (DA) areas of the
custard apple seed oils (C4-C7). Each custard apple variant oil is represented by its
respective abbreviation name, and sorted in two groups according to their local of harvest:
East of Island for MR, AN, DM, and FR, and South of Island for MD, FX, PV, and MT.
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Figure S3. PCA biplot case scores for (A) F. oxysporum (MT10) and (B) 4. niger (MT23)
for the 3™ and 6 day inhibition ratios (IR) from calculated areas (CA) of the custard apple
peel oils (C4-C7). Each custard apple variant oil is represented by its respective

abbreviation name, and sorted in two groups according to their local of harvest: East of
Island for MR, AN, DM, and FR, and South of Island for MD, FX, PV, and MT.
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Figure S4. PCA biplot case scores for (A) F. oxysporum (MT10) and (B) 4. niger (MT23)
for the 3™ and 6 day inhibition ratios (IR) from calculated areas (CA) of the custard apple
seed oils (C4—C7). Each custard apple variant oil is represented by its respective

abbreviation name, and sorted in two groups according to their local of harvest: East of
Island for MR, AN, DM, and FR, and South of Island for MD, FX, PV, and MT.
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