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A B S T R A C T

Secondary metabolites of Alternaria alternata in juice extracted from fruit of pomegranate (Punica granatum) 
‘Acco’ and ‘Wonderful’ affected by heart rot were identified using the UHPLC-Q-TOF-MS analytical method. 
Juice from healthy and infected fruit was analyzed comparatively with particular focus on mycotoxin content. 
Overall, 22 metabolites were detected, including the mycotoxins tenuazonic acid, alternariol, alternariol mon
omethyl ether (AME) and altenuene (ALT). Multivariate analyses, including Principal Component Analysis and 
Random Forest models, clearly separated the metabolic profiles of healthy and infected fruit. Symptomatic fruits, 
especially those of ‘Wonderful’, exhibited markedly higher levels of mycotoxins, such as alternarlactone A and 
altertoxin, suggesting that these metabolites are potential biomarkers for early detection of heart rot. In contrast, 
they were characterized by a substantial lower level of punicic acid, indicating heart rot infection affected 
negatively the nutraceutical value of juice due to the depletion of the content in this omega− 5 fatty acid. This 
study provides better insights into the effects of A. alternata infection on the quality of pomegranate juice as well 
as new evidences in favour of a regulation of the mycotoxin level in pomegranate juice.

1. Introduction

Pomegranate (Punica granatum L.) is an ancient fruit-bearing shrub 
native to central Asia. Over the centuries, it has spread widely due to its 
nutritional and medicinal qualities and is now cultivated commercially 
in various Mediterranean countries, including Italy, Israel, Spain, 
Turkey, Greece, Cyprus and North African countries (Aloi et al., 2021; 
Berbegal et al., 2014; El Barnossi et al., 2021; Faedda et al., 2015; 
Holland & Bar-Ya’akov, 2018; Tziros et al., 2008). In recent years, Italy 
has seen a rapid expansion in pomegranate cultivation, growing from 
approximately 130 ha in 2013 to over 1200 ha by 2019 (Aloi et al., 
2021; Faedda et al., 2015). Among the imported cultivars, ‘Wonderful’ 
whose origin as a cultivar is somewhat controversial (USA/Israel) and 
‘Acco’, of Israeli origin, have become two of the most popular varieties 

in Italy due to their high suitability for fresh consumption and juice 
production (Aloi et al., 2021; Tirrò et al., 2024). The growing interest in 
pomegranate stems also from its rich content in bioactive compounds, 
including polyphenols, anthocyanins, and other antioxidants with 
recognized anti-inflammatory effects (Valero-Mendoza et al., 2023). 
However, pomegranate cultivation faces challenges from Alternaria 
species, responsible for economically relevant diseases of this crop, such 
as Alternaria black spot and heart rot, the latter also known as Alternaria 
heart rot or black heart (Aloi et al., 2021; Rovetto et al., 2024; Tirrò 
et al., 2024). Diverse species and species complex of Alternaria are 
associated with heart rot disease, with Alternaria alternata (Fr.) Keissel 
being the prevalent one (Aloi et al., 2021; Ezra et al., 2015, 2019; 
Faedda et al., 2015; Gat et al., 2012; Luo et al., 2017; Mincuzzi et al., 
2022). Typical symptoms of pomegranate heart rot are internal while 
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external symptoms on the fruit peel, if any, are extremely difficult to 
recognize (Aloi et al., 2021; Ezra et al., 2015). As a consequence, 
affected fruit may go undetected and escape selection, especially in the 
initial stages of infection (Munera et al., 2025; Zhang & McCarthy, 
2012). Alternaria is one of the major mycotoxigenic fungal genera 
(Escrivá et al., 2017; Logrieco et al., 2009; Masiello et al., 2020; Pinto & 
Patriarca, 2017; Prelle et al., 2013; Rovetto et al., 2023; Siciliano et al., 
2015). Overall, more than 70 toxic metabolites produced by Alternaria 
species have been identified in agricultural products, food and bever
ages, including among others tenuazonic acid, alternariol, and alter
nariol monomethyl ether (AME) (Carbonell-Rozas et al., 2024; Saleh 
et al., 2024). These compounds, in particular, are of concern for food 
security due to their acute and chronic toxic effects in humans (Escrivá 
et al., 2017; EFSA on Contaminants in the Food Chain (CONTAM), 
2011). Moreover, they are heat-stable and resist industrial processes, 
meaning they can be found both in fresh fruits and processed products, 
including fruit juices (Ali et al., 2023; Bullerman & Bianchini, 2007; 
Carballo et al., 2018; Carbonell-Rozas et al., 2024; Pallarés et al., 2019; 
Sun et al., 2023). Levels of contamination of plant products by myco
toxins may vary depending on several factors, including among others 
cultivar susceptibility to fungal infections, climate, storage condition 
and mechanical injures due to improper handling or weather events 
(Carballo et al., 2018; Casu et al., 2024; Leggieri et al., 2021; Oteiza 
et al., 2017; Rovetto et al., 2023). In general, the ability of fungi to 
produce secondary metabolites is influenced by environmental condi
tions and in particular by the type of substrate (Elhamouly et al., 2022; 
Nawrot-Chorabik et al., 2022; Pusztahelyi et al., 2015). The European 
Union, through Recommendation (EU) 2022/553 (EUR-Lex, 2022), has 
highlighted the importance of monitoring Alternaria toxins, such as 
alternariol, alternariol monomethyl ether (AME), and tenuazonic acid, 
in food products such as tomato paste, fruit juices, and other processed 
products. While these mycotoxins are not subject to mandatory safety 
limits, they are monitored through indicative thresholds, aimed at 
guiding research and data collection on contamination levels, especially 
in organic and concentrated food forms. Previous studies demonstrated 
that Alternaria species responsible for heart rot of pomegranate produce 
mycotoxins in vitro, but their ability to produce mycotoxins in infected 
fruit has been poorly investigated (Aloi et al., 2021). The detection of 
mycotoxins in food and feed has been performed with various analytical 
techniques (Alshannaq & Yu, 2017; Carballo et al., 2018; Shi et al., 
2018; Wang et al., 2022). Commonly used methods include 
Enzyme-Linked Immunosorbent Assay (ELISA), High-Performance 
Liquid Chromatography (HPLC), Liquid Chromatography-Tandem 
Mass Spectrometry (LC-MS/MS), Gas Chromatography (GC), 
Thin-Layer Chromatography (TLC), and Ultra-Performance Liquid 
Chromatography (UPLC) (Alshannaq & Yu, 2017; Shi et al., 2018; Wang 
et al., 2022). Among these, Liquid Chromatography (LC) combined with 
Mass Spectrometry (MS) is widely regarded as a rapid, cost-effective, 
and precise approach for detecting multiple mycotoxins in complex 
matrices (Carballo et al., 2018; Shi et al., 2018). In recent years, 
High-Performance Liquid Chromatography Quadrupole Time-of-Flight 
Mass Spectrometry (UHPLC-Q-TOF-MS) has emerged as a highly effi
cient analytical tool due to its exceptional sensitivity, precision, and 
resolution, along with its ability to provide rapid detection of multiple 
metabolites, including mycotoxins, in complex matrices (Allen & 
McWhinney, 2019; Bang et al., 2023; Castillo et al., 2016; Conti Taguali 
et al., 2024; Dasí-Navarro et al., 2022; Dopazo et al., 2021, 2022; He 
et al., 2023; Huang et al., 2022; Khan & Ali, 2015; Masiá et al., 2014; 
Riolo et al., 2023; Rovetto et al., 2023; Silva et al., 2019; Sun et al., 2023; 
Vijayalakshmi et al., 2023). This technique has been used to explore 
changes in fungal metabolomics profiles induced by biopreservative 
microorganisms (Dopazo et al., 2021, 2022; La Bella et al., 2024) and 
analyze secondary metabolites produced by several fungal pathogens in 
citrus fruit (Rovetto et al., 2023). In the present study, 
UHPLC-Q-TOF-MS analysis was employed to characterize the secondary 
metabolites of Alternaria in juice extracted from fruit of pomegranate 

‘Acco’ and ‘Wonderful’ affected by heart rot, as a preliminary step to
ward evaluating the risk of contamination by mycotoxins.

2. Material and methods

2.1. Pomegranate fruit sampling

On September 10, 2024, mature fruits from two pomegranate culti
vars, ‘Wonderful’ and ‘Acco’, were collected from two 9-year-old com
mercial organic-farming orchards located in two distinct production 
zones (around 6 km from each other), in the province of Catania (eastern 
Sicily). Two distinct types of fruit were selected for each pomegranate: 
fruits exhibiting typical internal symptoms of heart rot (selected pre
liminarily on the basis of a slight external peel discoloration and 
confirmed upon cutting in the laboratory), and asymptomatic fruits with 
no visible internal symptoms (Fig. 1). Fruits with wounds, scars or peel 
russeting were not sampled. In each orchard, fruits were collected from 
four trees of each cultivar (one to three fruits per tree), randomly 
selected across the two diagonals of the orchard among trees bearing 
both heart rot-affected and asymptomatic fruits. In total, 72 fruits of 
‘Acco’ and 72 fruits of ‘Wonderful’, at stages 81 and 85 of the BBCH scale 
(Melgarejo et al., 1997), were sampled from the two orchards. The 
following was performed for fruits of each cultivar separately: 18 of the 
36 heart rot-affected fruits were used for fungal isolations. The other 18 
were pooled together to be processed for UHPLC-Q-TOF-MS analysis. 
The same was done with the asymptomatic fruit. Each of these four 
composite subsamples (Table 1) was divided into three replicates, each 
consisting of six fruits, which were processed and analyzed separately. 
Fruit samples were placed into separate plastic bags, inside a poly
styrene container refrigerated with dry ice, and immediately shipped via 
express courier to the Laboratory of Food Toxicology at the Department 
of Preventive Medicine, Nutrition, and Food Science at the University of 
Valencia, Spain. Upon arrival (within 48 h) the fruits, including those 
affected by heart rot, did not show external symptoms of decay. Samples 
were then stored at 4 ◦C until fungal isolation or processing for 
UHPLC-Q-TOF-MS analysis. To this purpose, juice was extracted from 
the fruit.

2.2. Fungal isolation

Isolation procedures were performed from pomegranate fruits 
following the method of Ezra et al. (2015) with slight modifications. 
Fruits were preliminary washed with tap water for few seconds, blotted 
dry, surface-sterilized using a 3% sodium hypochlorite solution for 1 
min, followed by two rinses with sterile distilled water, each lasting 30 s. 
Then they were sectioned using a sterile scalpel, dividing them into two 
groups: fruits showing internal symptoms of heart rot (Fig. 1) and 
asymptomatic fruits. For heart-rot affected fruits, small pieces (5 × 5 
mm) of rotten aril tissue were carefully taken from the discolored areas 
inside the fruit. For asymptomatic fruits, tissue pieces were collected 
randomly from the arils. Tissue samples were blotted dry with sterile 
filter paper and placed in Petri dishes (three dishes per fruit) containing 
Potato Dextrose Agar (PDA; Oxoid Ltd., Basingstoke, UK) amended with 
150 μg/mL streptomycin (Sigma-Aldrich, St. Louis, MA, USA). Dishes 
were incubated in the dark at 25 ◦C for 5–7 days. Pure cultures of each 
fungal isolates were obtained by single-hypha subcultures on PDA. The 
isolates were stored in the culture collection of the Laboratory of Mo
lecular Plant Pathology of the Department of Agriculture, Food, and 
Environment (Di3A) at the University of Catania.

2.3. Molecular characterization

The fungal isolates recovered from symptomatic pomegranate fruits 
were cultured on Potato Dextrose Agar (PDA) for 7 days at 25 ± 1 ◦C. 
Afterward, mycelium from each isolate was carefully collected using a 
sterile scalpel, and genomic DNA was extracted using a PowerPlant® Pro 
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DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA), 
following the manufacturer’s instructions. The extracted DNA was 
stored at − 20 ◦C for further use.

To characterize and determine the phylogenetic relationship of the 
isolates from pomegranate fruits showing symptoms of heart rot, a 
multilocus sequence analysis was performed. Sequencing was conducted 
on four barcode gene regions commonly used for fungal identification: 
the internal transcribed spacer (ITS), translation elongation factor 1-α 
(EF-1α), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and a 
specific SCAR marker (OPA10–2). The primers used for amplifying these 
regions were: ITS1/ITS4 for the ITS region (White et al., 1990), EF1-728 
F/EF1-986 R for the EF-1α gene (Carbone & Kohn, 1999), GPD1/GPD2 
for the GAPDH gene (Berbee et al., 1999) and OPA10-2R/OPA10-2 L for 
the OPA10-2 SCAR marker (Aloi et al., 2021; Andrew et al., 2009; Tirrò 
et al., 2024). PCR amplifications were carried out using the GeneAmp 
PCR System 9700 (Applied Biosystems, Monza-Brianza, Italy) and Taq 
DNA polymerase (Invitrogen™) in a total reaction volume of 25 μL. The 
reaction mixture included a PCR buffer (1 × ), a dNTP mix (0.2 mM), 
MgCl2 (1.5 mM), forward and reverse primers (0.5 μM each), Taq po
lymerase (1 U), and 1 μL of genomic DNA. The PCR conditions included 
an initial denaturation step at 94 ◦C for 3 min, followed by 35 cycles of 
denaturation at 94 ◦C for 30 s, annealing at 55 ◦C (ITS), 58 ◦C (EF-1α), 
54 ◦C (GAPDH), or 62 ◦C (OPA10-2) for 30 s, and extension at 72 ◦C for 
30 s, with a final extension step at 72 ◦C for 10 min.

The amplified DNA products were visualized on a 1% agarose gel, 
and purified amplicons were sequenced in both forward and reverse 
directions by Macrogen Europe (Amsterdam, The Netherlands). 
Sequence data were analyzed using FinchTV v.1.4.0, and the resulting 

sequences were submitted to GenBank. For molecular identification, 
sequences were initially compared with those reported in the literature 
and publicly available on the NCBI BLAST platform (https://blast.ncbi. 
nlm.nih.gov/Blast, accessed on November 10, 2024) as well as in the 
Mycobank (http://www.mycobank.org, accessed on November 10, 
2024) and CBS-KNAW databases (Westerdijk Fungal Biodiversity Insti
tute, http://www.westerdijkinstitute.nl, accessed on November 10, 
2024). Phylogenetic analysis was performed using sequences from this 
study’s isolates alongside validated reference sequences from GenBank 
(Table 2). Prior to analysis, duplicate reference sequences were removed 
using Elim Dupes software. MUSCLE was used for sequence alignment, 
and phylogenetic trees were generated with MEGA6.

2.4. Sample preparation and extraction of pomegranate juice

Fresh pomegranate juice from each category (heart rot-affected and 
asymptomatic fruit) was extracted using a manual juicer. After extrac
tion, each juice sample was filtered through qualitative grade 2 filter 
paper with a particle size retention of 8 μm (Whatman® Filter Paper, 
Sigma-Aldrich, USA) to remove aril fragments. The filtered samples 
were then centrifuged at 4 ◦C and 3000 rpm for 10 min. The resulting 
supernatant was carefully collected and transferred into individual 
conical polytetrafluoroethylene (PTFE) centrifuge tubes (15 mL). Prior 
to extraction, all samples were stored in polyethylene tubes at − 80 ◦C.

2.5. Extraction of fungal secondary metabolites from pomegranate juice

The extraction of fungal secondary metabolites from pomegranate 
juice was performed following the method of Rovetto et al. (2023). 
Specifically, 10 mL of pomegranate juice and 20 mL of ethyl acetate 
(used as the extraction solvent) were added to a 50 mL PTFE centrifuge 
tube. The mixture was thoroughly shaken for 1 min and then centrifuged 
at 4000 rpm for 10 min at 5 ◦C using an Eppendorf centrifuge 5810 R 
(Eppendorf, Hamburg, Germany). The upper organic phase was care
fully transferred to a separate 15 mL PTFE centrifuge tube and set aside. 
All collected organic phases were evaporated to dryness under a nitro
gen stream using a TurboVap LV evaporator (Zymark, Hopkinton, MA, 
USA). The resulting dry extract was reconstituted in 1 mL of methanol, 
then filtered through a 0.22-μm nylon syringe filter (13 mm, Membrane 

Fig. 1. Comparison of asymptomatic and heart rot-affected fruit of two pomegranate varieties, Acco (left) and Wonderful (right). (A) External aspect of the 
pomegranate fruit without visible differences between asymptomatic and symptomatic fruit; (B) Cross-sections of asymptomatic fruit; (C) Cross-sections of symp
tomatic fruit.

Table 1 
Experimental design for sampling and processing to analyze the metabolite 
profile of juice extracted from fruits of two pomegranate cultivars.

Cluster Number of fruits Cultivar

Asymptomatic fruits (‘Acco’_healthy) 18a ‘Acco’
Heart rot-affected fruits (‘Acco’_affected) 18

Asymptomatic fruits (‘Wonderful’_healthy) 18 ‘Wonderful’
Heart rot-affected fruits (‘Wonderful’_affected) 18

a Three replicates, each of 6 fruits.
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Solutions) into a 2 mL amber vial for subsequent chromatography 
analysis.

2.6. Identification of fungal secondary metabolites in pomegranate juice 
by UHPLC-Q-TOF-MS analysis

Extracts of pomegranate juice were injected into the UHPLC-Q-TOF- 
MS system for analysis, with all measurements performed in triplicate 
(n = 3). The analysis utilized an UHPLC system (1290 Infinity II LC, 
Agilent Technologies) comprising an automatic sampler, binary pump, 
and vacuum degasser, coupled to a quadrupole time-of-flight mass 
spectrometer (Agilent 6546 LC/Q-TOF) operating in positive ionization 
mode (Agilent Technologies, Santa Clara, CA, USA). A 5 μL injection 
volume was used, and each analysis required 25 min. Chromatographic 
separation was achieved on an Agilent Zorbax RRHD SB-C18 column 
(2.1 mm × 50 mm, 1.8 μm). The mobile phases were Milli-Q water 
(phase A) and acetonitrile (phase B), both acidified with 0.1% formic 
acid. The gradient elution was set as follows: 0 min, 2% B; 22 min, 95% 
B; 25 min, 5% B. The column was re-equilibrated for 3 min between 
injections, with a flow rate of 0.4 mL/min. The Dual AJS ESI source 
parameters were as follows: gas temperature at 325 ◦C, gas flow at 10 L/ 
min, nebulizer pressure at 40 psig, sheath gas temperature at 295 ◦C, 
sheath gas flow at 12 L/min, capillary voltage at 4000 V, nozzle voltage 
at 500 V, fragmentor voltage at 120 V, skimmer voltage at 70 V, product 
ion scan range of 100–1500 Da, MS scan rate of 5 spectra/s, MS/MS scan 
rate of 3 spectra/s, with a maximum of 2 precursors per cycle, and 
collision energies of 10, 20, and 40 eV. An untargeted LC/Q-TOF 
metabolomics approach was applied to identify fungal secondary me
tabolites in pomegranate juice. Data processing, integration, and 
metabolite identification were conducted using MassHunter Qualitative 
Analysis Software B.08.00 and PCDL Manager B.08.00, as described by 
Dopazo et al., 2021. A score value of 95% and a Delta mass error of 1 
ppm were used as confidence intervals. For the calibration of the 
UHPLC-Q-TOF-MS analysis method, commercial standards for the main 
mycotoxins produced by Alternaria species, including tenuazonic acid 
(TeA), alternariol (AOH), alternariol monomethyl ether (AME), AAL 
toxin TB2, and tentoxin (TEN), were used at concentrations of 0.01, 0.1, 
and 5 mg/L (Zwickel et al., 2016). The LOD was determined using a 

signal-to-noise ratio of 3:1, while the LOQ was calculated with a 
signal-to-noise ratio of 10:1. These values are detailed in Table S1. 
Precision was assessed by intra- and interday variations, with three 
replicate injections per day over three consecutive days at each con
centration level. Recovery tests were performed on non-contaminated 
pomegranate juice samples, showing mean recoveries of 82.3 ± 2.1% 
for TeA and 87.7 ± 2.8% for AOH. The relative standard deviations 
(RSDs) for intraday variation ranged from 3.5% to 4.2% for TeA, AOH, 
and AME, and from 3.0% to 4.6% for ALT, AAL toxin TB2, and TEN. 
Interday RSDs ranged from 3.9% to 4.3%, confirming consistency in the 
detection of these mycotoxins. Matrix effects (% MEs) were evaluated 
and found to be minimal for pomegranate juice, with values ranging 
from 90% to 93% for TeA and AOH, confirming the method’s suitability 
for detecting Alternaria mycotoxins in pomegranate juice samples. 
Quantification of all identified metabolites was performed as follows: for 
compounds with available commercial standards (e.g., alternariol, ten
uazonic acid), concentrations were determined using calibration curves. 
For metabolites without standards, a semi-quantitative approach was 
applied using the straight-line equation of alternariol as a reference. 
Metabolite identification was performed according to the confidence 
level classification proposed by Schymanski et al. (2014). The confi
dence level assigned to each metabolite is reported in Supplementary 
Table S1. The concentrations of metabolites in juice samples from the 
four experimental groups (healthy and affected fruits of ‘Acco’ and 
‘Wonderful’) are detailed in Table S2.

2.7. Statistical analysis

The analytical data obtained by Agilent Ultra High-Definition Ac
curate Mass spectrometry were log10-transformed before statistical 
analysis to normalize the distribution of metabolite concentrations and 
improve the comparability of the data. Relationships among the detec
ted Alternaria secondary metabolites in two different pomegranate juice 
samples (‘Acco’ and ‘Wonderful’) were assessed using Pearson’s corre
lation coefficient analysis. Heat map, Principal Component Analysis 
(PCA) and Random Forest (RF) analysis were conducted with Metab
oAnalyst 5.0 software (Pang et al., 2021) using log10-transformed and 
mean-centered data. RF analysis was performed to identify key 

Table 2 
GenBank accession numbers of sequences of the Alternaria spp. isolates of different country and host origins used as references in phylogenetic analyses.

Species Isolate Country Host Source Accession numbers

ITS EF-1α GPDH OPA 10-2

Alternaria alternata (ex citri) CBS 102.47 USA Citrus sinensis Woudenberg et al. (2015) KP124304 KP125080 KP124161 KP124610
A. alternata (ex-type) CBS 916.96 India Arachis hypogaea Woudenberg et al. (2015) AF347031 KC584634 AY278808 KP124632
A. alstroemeriae CBS 118808 USA Alstroemeria sp. Woudenberg et al. (2015) KP124296 KP125071 KP124153 KP124601
A. alternata AaMDc5b Italy Punica granatum Aloi et al. (2021) MW580731 MW585112 MW590490 MW590532
A. alternata AaMDc5d Italy P. granatum Aloi et al. (2021) MW580755 MW585133 MW590514 MW590556
A. alternata AaMMH6b Italy P. granatum Aloi et al. (2021) MW580756 MW585134 MW590515 MW590557
A. alternata MNC2 Italy P. granatum Tirrò et al. (2024) PP791895 PP820783 PP803580 PP803610
A. alternata MNC4 Italy P. granatum Tirrò et al. (2024) PP791896 PP820784 PP803581 PP803611
A. alternata MNC10 Italy P. granatum Tirrò et al. (2024) PP791902 PP820790 PP803587 PP803617
A. alternata CBS 102595 USA C. jambhiri Woudenberg et al. (2015) FJ266476 KC584666 AY562411 KP124636
A. alternata CBS 112252 – – Woudenberg et al. (2015) KP124340 KP125116 KP124194 KP124650
A. alternata CBS 117.44 Denmark Godetia sp. Woudenberg et al. (2015) KP124303 KP125079 KP124160 KP124609
A. alternata CBS 916.96 India Arachis hypogaea Woudenberg et al. (2015) AF347031 KC584634 AY278808 KP124632
A. arborescens AaMDc1b Italy P. granatum Aloi et al. (2021) MW580737 MW585151 MW590496 MW590538
A. arborescens AaMRa1 Italy P. granatum Aloi et al. (2021) MW580759 MW585153 MW590518 MW590560
A. arborescens CBS 108.41 – wood Woudenberg et al. (2015) KP124394 KP125172 KP124246 KP124707
A. arborescens CBS 109730 USA Solanum lycopersicum Woudenberg et al. (2015) KP124399 KP125177 KP124251 KP124713
A. arborescens CBS 112749 South Africa Malus domestica Woudenberg et al. (2015) KP124401 KP125179 KP124253 KP124715
A. arborescens CBS 115517 South Africa M. domestica Woudenberg et al. (2015) KP124404 KP125182 KP124256 KP124718
A. arborescens AaMDc1a Italy P. granatum Aloi et al. (2021) MW580736 MW585150 MW590495 MW590537
A. betae-kenyensis CBS 118810 Kenya Beta vulgaris var. cicla Woudenberg et al. (2015) KP124419 KP125197 KP124270 KP124733
A. burnsii CBS 107.38 India Cuminum cyminum Woudenberg et al. (2015) KP124420 JQ646305 KP125198 KP124734
A. eichhorniae CBS 119778 Indonesia Eichhornia crassipes Woudenberg et al. (2015) KP124426 KP125205 KP124277 KP124741
A. jacinthicola CBS 878.95 Mauritius Arachis hypogaea Woudenberg et al. (2015) KP124437 KP125216 KP124286 KP124753
A. longipes CBS 540.94 USA Nicotiana tabacum Woudenberg et al. (2015) AY278835 KC584667 AY278811 KP124758
A. tomato CBS 103.30 – S. lycopersicum Woudenberg et al. (2015) KP124445 KP125224 KP124294 KP124762
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metabolites distinguishing infected from non-infected samples. The RF 
model was developed using 200 trees and a variable selection strategy 
based on the Mean Decrease in Accuracy metric. This approach allowed 
for the ranking of metabolites by their importance in the classification 
model, highlighting specific compounds as potential biomarkers of 
Alternaria infection in pomegranate juice.

3. Results

3.1. Morphological and molecular characterization of isolates

From pomegranate fruits with heart rot symptoms in both cultivars, 
‘Acco’ and ‘Wonderful,’ a total of 60 fungal isolates were obtained, all 
showing morphological characteristics consistent with the genus Alter
naria. Of the total isolates, 35% originated from ‘Acco’ fruits and 65% 
from ‘Wonderful’ fruits showing heart rot symptoms. No Alternaria 
isolates were obtained from healthy fruits. Colonies had a flat, woolly 
texture and ranged in color from dark green to black when cultured on 
Potato Dextrose Agar (PDA), Microscopically, the isolates produced 
typical dark brown, club-shaped conidia arranged in branched chains, 
with oval-ellipsoidal shapes and 3 to 5 transverse septa; some conidia 
also had 0 to 5 longitudinal septa and a prominent beak. Conidial 
measured between (10− ) 19.8 (− 26) μm in length and (6− ) 8.7 (− 10) 
μm in width, aligning with previously reported dimensions for Alternaria 
species (Aloi et al., 2021; Rovetto et al., 2023; Tirrò et al., 2024). Of the 
60 isolates, a subset of 25 was randomly selected for molecular analysis, 
including a four-gene phylogeny, based on ITS, EF-1α, GAPDH, and OPA 
10-2 sequences from 24 randomly selected isolates characterized in the 
present study (Table 3), along with reference CBS strains (Woudenberg 
et al., 2015), was performed to confirm the identity of the isolates. 
Phylogenetic analysis grouped all isolates with A. alternata, clustering 
them with reference strains such as A. alternata ex-type CBS 916.96, 
A. alternata ex citri CBS 102.47, and CBS 112252 A. alternata (Fig. 2). As 
the isolates belonging to the same species resulted to be identical, only 
sequences of representative isolates were deposited in Genbank.

3.2. Identification of Alternaria alternata secondary metabolites and 
mycotoxins in pomegranate juice

The Agilent Ultra High-Definition Accurate Mass analysis identified 
22 distinct fungal secondary metabolites, including several mycotoxins, 
in pomegranate juice. Metabolite identification was supported by a 
custom database based on known secondary metabolites produced by 
Alternaria species, as reported in the literature (Table 4). The metabo
lites detected by UHPLC–Q-TOF-MS in each pomegranate fruit cluster 
are presented as a heat map (Fig. 3). Only secondary metabolites with 
notable abundance differences among the clusters of healthy and 
infected fruit of each cultivar (‘Acco’ and ‘Wonderful’) are highlighted. 
In the ‘Wonderful affected’ cluster, most secondary metabolites showed 
a higher relative abundance compared to ‘Acco affected’, specifically 
SMP10 (Altenusin, ALN), SMP4 (ACTG Toxin B), SMP9, SMP19, SMP16 
(AMToxin III), SMP1 ((− )-Altenuene, ALT), SMP8, SMP7 (Alternariol 
monomethyl ether, AME), SMP21 (Tenuazonic acid, TeA), SMP2 
(Alternariol 5-O-sulfate), and SMP5, which were approximately 2- to 3- 
fold more abundant. Conversely, other metabolites, including SMP17, 
SMP14 (Altetoxins II, ATX II), SMP11 (Alternariol, AOH), SMP15, 
SMP12 (Altetoxin I, ATX I), SMP6, SMP20 (Tentoxin, TEN), and SMP18, 
were more abundant in ‘Acco affected’ compared to ‘Wonderful 
affected’, with similar fold differences. Some metabolites appeared 
exclusively in specific clusters. SMP3 (AAL toxin TB2) was detected only 
in ‘Wonderful affected’, while SMP13 (Altetoxins III, ATX III) was 
unique to ‘Acco affected’. Notably, SMP22 (Punicic acid) exhibited high 
abundance solely in the healthy fruit clusters of both cultivars. 
Furthermore, the dendrogram in the heat map clearly distinguishes 
healthy fruits from affected fruits in both varieties, indicating distinct 
metabolic profiles between healthy and affected samples. Principal 
Component Analysis (PCA) was performed on the dataset to investigate 
patterns of secondary metabolites from Alternaria in symptomatic and 
asymptomatic pomegranate juice samples of the two cultivars, ‘Acco’ 
and ‘Wonderful’. The sum of the principal component values accounted 
for 92.8% of the total variance, with the first principal component (PC1) 
representing 85% and the second principal component (PC2) accounting 
for 7.8% of the total variance. In the score plot (Fig. 4A), clear clustering 
of each sample group was observed, with each fruit health status and 
cultivar showing distinct separation in specific quadrants. Specifically, 
Acco affected samples clustered in quadrant I, while Wonderful healthy 
samples grouped in quadrant IV. In contrast, Wonderful affected sam
ples clustered in quadrant II, and Acco healthy samples were positioned 
in quadrant III. The loading plot (Fig. 4B) further highlighted the 
metabolite distributions across the clusters. Acco affected fruits, located 
in quadrant I, were characterized by the secondary metabolites SMP13, 
SMP20, SMP12, SMP17, SMP9, SMP18, SMP6, and SMP10. Meanwhile, 
Wonderful affected fruits clustered in quadrant IV, associated with 
metabolites SMP7, SMP8, SMP5, SMP19, SMP3, SMP16, and SMP21. 
Quadrants II and III, corresponding to the healthy samples of ‘Wonder
ful’ and ‘Acco’ respectively, primarily featured SMP22. These findings 
indicate a clear distinction in the metabolic profiles between symp
tomatic and asymptomatic fruits, as well as between the two pome
granate cultivars. Random forest analysis identified the secondary 
metabolites with the highest discriminatory influence between the four 
groups of pomegranate samples: Acco healthy, Acco affected, Wonderful 
healthy, and Wonderful affected. The metabolites with the most signif
icant contribution to group differentiation included SMP22, SMP8, 
SMP7, SMP18, and SMP6, with SMP15 and SMP5 also contributing but 
with slightly lower relevance (Fig. 5). The model achieved an OOB (out- 
of-bag) error rate of 0.0833%.

The correlation matrix (Fig. 6) highlights a series of significant cor
relations between punicic acid (SMP22) and mycotoxins and among 
various mycotoxins produced by the pathogenic fungus A. alternata on 
pomegranate. In detail, the amount of SMP22 (punicic acid) is nega
tively correlated with the amount of all mycotoxins except for SMP3 
(AAL toxin TB2). Most metabolites exhibit strong positive correlations, 

Table 3 
Alternaria isolates from the inner tissues of pomegranate fruit (Punica granatum 
L.) affected by heart rot, characterized in this study: cultivar, geographical 
origin, and GenBank accession numbers for sequences of the internal transcribed 
spacer (ITS), translation elongation factor 1-α (EF-1α), glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH), and SCAR marker OPA 10–2.

Isolate Cultivar GenBank Accession Numbers

ITS EF-1α GPDH OPA 10-2

HRA02 Acco PQ593058 PQ609990 PQ610014 PQ610038
HRA04 Acco PQ593059 PQ609991 PQ610015 PQ610039
HRA05 Acco PQ593060 PQ609992 PQ610016 PQ610040
HRA08 Acco PQ593061 PQ609993 PQ610017 PQ610041
HRA09 Acco PQ593062 PQ609994 PQ610018 PQ610042
HRA10 Acco PQ593063 PQ609995 PQ610019 PQ610043
HRA14 Acco PQ593064 PQ609996 PQ610020 PQ610044
HRA17 Acco PQ593065 PQ609997 PQ610021 PQ610045
HRA22 Acco PQ593066 PQ609998 PQ610022 PQ610046
HRA31 Acco PQ593067 PQ609999 PQ610023 PQ610047
HRA35 Acco PQ593068 PQ610000 PQ610024 PQ610048
HRA45 Acco PQ593069 PQ610001 PQ610025 PQ610049
HRW01 Wonderful PQ593070 PQ610002 PQ610026 PQ610050
HRW05 Wonderful PQ593071 PQ610003 PQ610027 PQ610051
HRW11 Wonderful PQ593072 PQ610004 PQ610028 PQ610052
HRW13 Wonderful PQ593073 PQ610005 PQ610029 PQ610053
HRW14 Wonderful PQ593074 PQ610006 PQ610030 PQ610054
HRW15 Wonderful PQ593075 PQ610007 PQ610031 PQ610055
HRW17 Wonderful PQ593076 PQ610008 PQ610032 PQ610056
HRW22 Wonderful PQ593077 PQ610009 PQ610033 PQ610057
HRW42 Wonderful PQ593078 PQ610010 PQ610034 PQ610058
HRW48 Wonderful PQ593079 PQ610011 PQ610035 PQ610059
HRW59 Wonderful PQ593080 PQ610012 PQ610036 PQ610060
HRW60 Wonderful PQ593081 PQ610013 PQ610037 PQ610061
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except for SMP5 (alternarlactone A), which is notably elevated in 
“Wonderful affected” samples compared to “Acco affected”. This finding 
suggests that SMP5 production by A. alternata may be more pronounced 
under the specific conditions associated with ‘Wonderful’, potentially 
indicating a differential response of the pathogen based on the host 
variety. Additionally, elevated SMP5 levels are accompanied by high 
levels of SMP3 (AAL toxin TB2), which appears exclusively in 
“Wonderful affected” samples.

4. Discussion

All fungal isolates recovered from symptomatic pomegranate fruits 
collected in this study were identified as A. alternata. The multilocus 
phylogenetic analysis, based on four gene regions (ITS, EF-1α, GPDH, 
and OPA 10–2), grouped these isolates with reference strains such as 
A. alternata ex-type CBS 916.96, A. alternata ex citri CBS 102.47, and CBS 
112252 Alternaria alternata. Interestingly, neither ITS and EF-1α, nor 

GPDH, alone were able to distinguish A. alternata from other species of 
Alternaria that are known to infect different host plants. However, the 
use of multiple loci in this study allowed for the clear identification of 
A. alternata as the species responsible for the heart rot disease in the two 
surveyed pomegranate orchards, consistently with the findings from 
other studies, which also indicated A. alternata as the prevalent causa
tive agent of heart rot disease in major pomegranate producing countries 
worldwide (Aloi et al., 2021; Ezra et al., 2015, 2019; Luo et al., 2017; 
Tziros et al., 2008; Vicent et al., 2016).

The main objective of this study was to identify Alternaria secondary 
metabolites in juice extracted from pomegranate fruits affected by heart 
rot of two renowned commercial cultivars, ‘Acco’ and ‘Wonderful’. 
These two cultivars are widely cultivated in the Mediterranean region 
for both commercial fresh fruit production and industrial juice extrac
tion. Analysis performed with UHPLC-Q-TOF-MS identified a total of 22 
secondary metabolites of Alternaria, including known mycotoxins of 
toxicological concern. The comparison between the metabolic profiles of 

Fig. 2. Multilocus internal transcribed spacer (ITS), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), translation elongation factor 1-α (EF-1α) and one SCAR 
marker (OPA 10–2) phylogenetic tree developed using the maximum likelihood method, based on the Tamura–Nei model. The tree with the greatest obtained log 
likelihood (− 3882.20) is shown. Relationships between the 24 pomegranate isolates used in this study (highlighted in red), the CBS isolates of Alternaria alternata and 
other Alternaria species that were used as reference isolates. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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juice from heart rot-affected and asymptomatic pomegranate fruits 
revealed significant differences, with juice from symptomatic fruits 
showing high levels of tenuazonic acid (TeA), alternariol (AOH), alter
nariol monomethyl ether (AME), and (− )-altenuene (ALT), consistently 

with a previous report which demonstrated that Alternaria isolates from 
pomegranate are able to produce these toxins in vitro (Aloi et al., 2021). 
TeA, AOH, AME and ALT, along with tentoxin (TEN), were found in 
tissues of diverse, taxonomically unrelated host plants infected by 
A. alternata (Rovetto et al., 2023; Thomma, 2003; Wenderoth et al., 
2019).

Some of these toxins, such as TeA, AOH, and AME, have also been 
reported to induce toxic effects and immunosuppression in humans and 
animals (Pallarés et al., 2019; Saleh et al., 2024). In vitro tests have 
provided clear evidence of genotoxicity or acute toxicity in animals or 
rodent cells of AOH, AME, ALT, and TeA (Pallarés et al., 2019; Saleh 
et al., 2024; EFSA on Contaminants in the Food Chain (CONTAM), 
2011). For instance, AME has been associated with immunosuppressive 
effects and mitochondrial apoptosis in human colon carcinoma cells 
(Bensassi et al., 2011). Similarly, TeA, a tetramic acid derivative, in
hibits protein synthesis in mammalian cells, which makes it a concern 
from a public health perspective (EFSA on Contaminants in the Food 
Chain (CONTAM), 2011). Additionally, AOH and AME are known to be 
genotoxic, and AME also induces mitochondrial dysfunction, further 
emphasizing the toxicological relevance of these metabolites (Man et al., 
2017; Wang et al., 2022). Several other biologically active metabolites, 
such as Altenusin (ALN), AAL-toxins, and Alternethanoxin A, were also 
identified in pomegranate juice in this study. Altenusin (ALN) is a 
multifunctional metabolite produced by Alternaria species, known for its 
antibacterial, antifungal, and antiparasitic properties (da Cruz Cabral 
et al., 2017). AAL-toxins, particularly AAL-toxin TE2, were also found to 
be prevalent in the symptomatic pomegranate fruits, specifically in the 
‘Wonderful’ cultivar. These toxins are known to have phytotoxic, cyto
toxic, and genotoxic activity (Man et al., 2017; Wang et al., 2022). 
AAL-toxin TE2 was recently detected at high levels in the juice of 
mummified fruits of two different orange cultivars (Rovetto et al., 
2023). AAL-toxins are considered host-specific phytotoxins (HSTs) in 
several host-pathogen systems, such as Alternaria alternata f. sp. lyco
persici/tomato, where they play a key role in pathogenicity (Tsuge et al., 
2013; Wang et al., 2022). The presence of AAL-toxins in infected 
pomegranate fruit infected by A. alternata provides additional evidence 
this fungus can produce an array of toxins which varies depending on the 
host. In symptomatic fruits of ‘Wonderful’, AAL-toxins were detected in 
higher concentrations than in ‘Acco’ fruits collected in the same or
chards, further confirming the host may be a major factor conditioning 
the ability of A. alternata to produce mycotoxins. Alternethanoxin A, 

Table 4 
Metabolites identified in fresh pomegranate juice from symptomatic and asymptomatic fruits of ‘Acco’ and ‘Wonderful’ cultivars.

Metabolites Chemical class Source ID code Reference a

Altenuene (ALT) Dibenzo-α-pyrone derivatives Alternaria alternata SMP1 Wenderoth et al. (2019)
Alternariol 5-O-sulfate Dibenzo-α-pyrone derivatives A. alternata SMP2 Zwickel et al. (2016)
AAL toxin TB2 Amino polyol derivatives A. alternata SMP3 Wang et al. (2022)
ACTG Toxin B Terpenoids A. alternata SMP4 Kono et al. (1986)
Alternarlactone A Dibenzo-α-pyrone derivatives A. alternata SMP5 Shi et al. (2019)
Alternarienonic acid Benzoic acid derivatives A. alternata SMP6 Aly et al. (2008)
Alternariol monomethyl ether (AME) Dibenzo-α-pyrone derivatives A. alternata SMP7 Bensassi et al. (2011)
Altenuic acid III (AA-II) Benzoic acid derivatives A. alternata SMP8 Puntscher et al. (2019)
Altenuisol Dibenzo-α-pyrone derivatives A. alternata SMP9 Nemecek et al. (2012)
Altenusin (ALN) Benzoic acid derivatives A. alternata SMP10 Escrivá et al. (2017)
Alternariol (AOH) Dibenzo-α-pyrone derivatives A. alternata SMP11 Puntscher et al. (2019)
Altertoxin I (ATX-I) Perylene quinones A. alternata SMP12 Puntscher et al. (2019)
Altertoxin II (ATX-II) Perylene quinones A. alternata SMP13 Geiseler et al. (2013)
Altertoxin III (ATX-III) Perylene quinones A. alternata SMP14 Geiseler et al. (2013)
AMToxin II Cyclic tetradepsipeptides A. alternata SMP15 Ueno et al. (1975)
AMToxin III Cyclic tetradepsipeptides A. alternata SMP16 Ueno et al. (1975)
AOH-3-glucoside (AOH-3-G) Dibenzo-α-pyrone derivatives A. alternata SMP17 Scheibenzuber et al. (2020)
Desmethylaltenusin (DMA) Benzoic acid derivatives A. alternata SMP18 Kelman et al. (2020)
Stemphyltoxin III (STTX-III) Perylene quinones A. alternata SMP19 Puntscher et al. (2019)
Tentoxin (TEN) Cyclic tetrapeptides A. alternata SMP20 Escrivá et al. (2017)
Tenuazonic acid (TeA) Tetramic Acids A. alternata SMP21 Puntscher et al. (2019)
Punicic acid Fatty acids Punicum granatum L. SMP22 Guerra-Vázquez et al. (2022)

a Original reports of the metabolites detected in this study.

Fig. 3. Heat map representing the relative abundance of Alternaria alternata 
secondary metabolites detected in pomegranate juices. Colors are based on the 
relative abundance (logarithmic scale) of the secondary metabolites detected, 
where red represents high abundance and blue represents low abundance. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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another metabolite identified in this study, demonstrated inhibitory in 
vitro activity on the growth of cancer cells (Evidente et al., 2014). The 
cyclic tetrapeptide tentoxin (TEN), also detected in both pomegranate 
cultivars, has been shown to disrupt photosynthesis by selectively 
inhibiting chloroplast ATP synthesis, potentially contributing to tissue 
damage in infected fruits (Meiss et al., 2008). All these toxins were 
detected at high concentration in heart rot-affected pomegranate fruits. 
However, their role in the disease is not known. The hypothesis they can 
act as pathogenicity or virulence factors of A. alternata would deserve to 
be investigated. In the pathosystem Neofusicoccum batangarum (syn. 
N. ribis)/cactus pear it has been hypothesized that mycotoxins possess
ing antimicrobial activity may enhance the competitive ability of this 

necrotrophic fungal pathogen in colonising the plant tissues (Masi et al., 
2020). Noteworthy, it was observed an inverse correlation between 
mycotoxin content and the concentration of punicic acid, a major 
bioactive compound in pomegranate seeds (Guerra-Vázquez et al., 2022; 
Valero-Mendoza et al., 2023). The content of punicic acid, an omega-5 
polyunsaturated fatty acid classified as a conjugated linolenic acid 
(Goula & Adamopoulos, 2012), was substantially reduced in juice from 
symptomatic fruits. To explain this inverse correlation, it can be sup
posed that A. alternata mycotoxins interfere with pomegranate lipid 
metabolism, with a mechanism similar to that reported for fumonisins in 
the pathosystem Fusarium verticillioides/mais (Beccaccioli et al., 2021; 
Scala et al., 2014). The latter authors, in particular, demonstrated that 
oxylipins, fatty acid-derived signalling compounds, regulate negatively 
fumonisin synthesis. As a unique nutraceutical component of pome
granate juice, punicic acid is known for its wide spectrum of biological 
activities, including anti-inflammatory, anti-cancer, and hypolipidemic 
effects (Guerra-Vázquez et al., 2022; Kandylis & Kokkinomagoulos, 
2020; Siddiqui et al., 2024; Valero-Mendoza et al., 2023). The beneficial 
properties of punicic acid depend on its resistance to oxidation and the 
critical role in regulating inflammatory and metabolic pathways, such as 
the activation of peroxisome proliferator-activated receptors (PPARs) 
(Guerra-Vázquez et al., 2022). The depletion of punicic acid in heart 
rot-affected fruits not only affects the nutraceutical quality of the juice, 
but also indicates this metabolite could be a potential biomarker for 
early detection of Alternaria infections in pomegranate fruit.

Multivariate analysis clearly separated the symptomatic and 
asymptomatic fruits of ‘Acco’ and ‘Wonderful’ into distinct clusters. 
AME and TeA were key discriminant metabolites in the profiles of juice 
from symptomatic fruit, suggesting they could be used, like punicic acid, 
as potential biomarkers for early detection of heart rot infections and 
mycotoxin contamination. Also, alternarlactone A, known for its anti
parasitic properties (Shi et al., 2019), showed higher abundance in 
symptomatic fruits, suggesting a possible response of host lipid meta
bolism to the infection.

Overall, multivariate analysis of metabolite profiles of pomegranate 
fruits suggests a complex regulatory network of A. alternata secondary 
metabolism, modulated also, by the host, as shown by a markadlly 
higher production of AAL toxin TB2, alternarlactone A and Altertoxin II 
in infected fruits of ‘Wonderful’. The positive correlation between 
Alternarlactone A and AAL toxin TB2 implies a coordinated production 

Fig. 4. Principal Component Analysis (PCA) with score plot (A) and loading plot (B) was performed based on secondary metabolites of Alternaria alternata detected in 
the juice of the ‘Acco’ and ‘Wonderful’ pomegranate cultivars. Each plot includes three distinct replicates for each fruit type: asymptomatic (healthy) and symp
tomatic (heart rot-affected).

Fig. 5. Random Forest variable importance plot for the most relevant metab
olites identified in this study. Higher values indicate a greater role of each 
metabolite in distinguishing between the different sample groups of Punica 
granatum varieties ‘Acco’ and ‘Wonderful’ (OOB error 0.0833).
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pathway, where A. alternata produces Alternarlactone A in response to 
the presence of AAL toxin TB2, possibly as part of a broader array of 
toxins with similar or complementary functions. An inverse relationship 
between AAL toxin TB2 and Altertoxin II (ATX-II) levels was also 
evident. This negative correlation might reflect a resource allocation 
strategy by the pathogen, in which the production of one toxin inhibits 
the synthesis of the other. However, in this study experimental condi
tions were deliberately exacerbated, as each batch comprised exclu
sively either heart rot-affected or asymptomatic fruits, results indicate 
the risk of pomegranate juice contamination by Alternaria mycotoxins is 
real, also considering these toxins being heat stable are not eliminated 
during the industrial process of juice extraction (Aloi et al., 2021; 
Elhariry et al., 2016). Also the preliminary selection of fruits affected by 
Alternaria heart rot to reduce the risk of contamination is problematic 
due to the ambiguity of external disease symptoms (Aloi et al., 2021; 
Munera et al., 2025). Nevertheless, currently European regulations have 
not quantified mycotoxin limits in pomegranate juice. This issue de
serves further investigation and action, also considering the consump
tion of pomegranate juice is expected to increase in the next years as it 
has been promoted for its nutritional and nutraceutical properties 
(Aviram et al., 2000; Bahari et al., 2024; Esposto et al., 2021; 
Giménez-Bastida et al., 2021; Marrone et al., 2024; Nuncio-Jáuregui 
et al., 2015; Onsekizoglu, 2013; Trishitman et al., 2023).

The results indicate differences in the mycotoxin profiles of fruits of 
the two pomegranate cultivars compared in this study. ‘Acco’ is 
considered an early-season cultivar, while ‘Wonderful’ ripens later 
(Usanmaz et al., 2014). To explain this inverse correlation profile may 
result, at least in part, from the ripeness grade of fruit, which implies 

diverse levels of sugars, acids, and other juice components and conse
quently may regulate the type of secondary metabolites produced by the 
pathogen. An additional hypothesis is that each pomegranate cultivar 
produces different antimicrobial compounds, either constitutive or 
induced by the infection, which in turn affect the pathogen secondary 
metabolism. The role of mycotoxins in the complex interplay between 
host and fungal pathogen has been investigated in detail in the 
pathosystem F. verticillioides/mais where lipid signals modulate the host 
response to contamination by fumonisins as well as the biology of the 
fungus and its ability to produce fumonisins (Righetti et al., 2021; Scala 
et al., 2013). As far as pomegranate heart rot is concerned, a study 
conducted by Ezra et al. (2019) revealed that the development of heart 
rot of pomegranate fruit was influenced by the cultivar and the acidity 
(pH) of the juice. However, as pH was not directly responsible for the 
inhibition of Alternaria conidium germination, a different juice compo
nent, likely an unidentified secondary metabolite produced by the fruit, 
was supposed to be the cause of the diverse disease susceptibility of 
pomegranate cultivars (Ezra et al., 2019).

5. Conclusions

In conclusion, this study provides new insights into the effects of 
Alternaria infection on the metabolite profile of juice extracted from the 
fruit of two pomegranate cultivars affected by heart rot, with a specific 
focus on mycotoxins. The identification of mycotoxins and cultivar- 
specific metabolite profiles as a response to the infection are crucial 
for improving food safety and quality control measures. Future research 
should explore innovative fruit selection and processing methods to 

Fig. 6. Correlation matrix of the secondary metabolites produced by Alternaria alternata on pomegranate fruits. The heatmap shows correlation coefficients between 
various secondary metabolites (SMPs), with color intensity representing the strength of the correlation (blue for negative, red for positive). Distance was measured 
using Pearson r. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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minimize the risk of mycotoxin contamination in pomegranate juice. 
Moreover, the potential role of metabolites like alternarlactone A, 
altenusin, and AAL-toxins as virulence factors or an adaptive response of 
A. alternata to a specific host deserves further investigation for a better 
understanding of the pathogen/host interactions and pathogenesis 
mechanisms in heart rot of pomegranate and other plant diseases caused 
by Alternaria species.
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