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Summary. Numerous viruses have been described in camellia, often found in associ-
ation, and a variety of symptoms have been associated with these infections. In this 
study, a plant with chlorotic spots, including complete yellowing of the leaves, was sub-
jected to high-throughput sequencing (HTS). Three viral contigs were identified by 
HTS, and complete genome sequences of a new isolate of camellia ring spot associated 
virus 3 (CRSaV-3) were determined using nested PCR to bridge the gap between dis-
continuous contigs. The new CRSaV-3 isolate shared the highest percentage of nucle-
otide identity (87.1%) with the American isolate CJ5_676. This represents the first 
report of CRSaV-3 in symptomatic camellia in Europe and, since only this virus was 
diagnosed, for the first time it was possible to reliably associate the symptoms observed 
in camellia to a specific CRSaV-3 isolate.

Keywords.	 CRSaV-3, High Throughput Sequencing, leaf variegation, chlorotic rings-
pots, virus detection.

INTRODUCTION

Camellias (Camellia spp.) are important evergreen flowering plants in 
the Theaceae family, known for tea, oil camellia, and ornamental types. They 
are native to China and Japan and grows naturally in forests at altitudes of 
around 300–1,100 metres. There are over 250 species, with C. japonica, C. 
reticulata, C. sasanqua, and their hybrids being widely grown as garden orna-
mental plant, although C. japonica is preferred for its variety of flower col-
ours, shapes, and blooming seasons (Macoboy and Mann, 1998). In Italy, the 
first specimen of the plant arrived in 1760 and was planted in the “English 
Garden” of the Royal Palace of Caserta. It was a gift, a token of love, from 
Admiral Nelson to Lady Emma Hamilton, the wife of the English ambassa-
dor to the Bourbon court of Naples (Monda, 2017).

https://www.fupress.com/pm
https://doi.org/10.36253/phyto-17185
https://doi.org/10.36253/phyto-17185
https://www.fupress.com
https://www.fupress.com
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/publicdomain/zero/1.0/legalcode
https://orcid.org/0000-0002-9555-3737
https://orcid.org/0000-0002-0412-4014
https://orcid.org/0009-0008-9662-9044
https://orcid.org/0000-0002-7256-3879
mailto:giuseppe.parrella@cnr.it


192 Francesco Desiderio et alii

Most of the new camellia cultivars come from 
crosses, but they are mainly propagated from cut-
tings, making them susceptible to accumulate viral 
infections. Symptoms of these infections varying from 
foliar mottle, mosaic, ringspots to foliar and flower 
variegations. The pattern of affected plant tissue also 
is irregular on the whole plant, since some branches 
show symptoms, others do not, and symptoms may not 
appear every year. Moreover, in the same plant differ-
ent sizes and shapes of light-green and/or yellowish 
spots on the leaves are frequently observed. These foli-
ar symptoms have always been associated with mixed 
infections involving two or more viral entities, making 
it difficult to attribute them to a single virus. Attempt 
to associated specific symptoms to a single viral entity 
were proposed in Zhang et al. (2020) based on com-
parative analysis of symptoms from several and multi-
ple infected camellias. In 2018, a geminivirus, camellia 
chlorotic dwarf-associated virus (CaCDaV), was found 
associated to camellia chlorotic dwarf disease (Zhang et 
al., 2018), while in 2019, in USA, three betaflexivirus, 
camellia ringspot associated virus 1, 2 and 3 (CRaV-1, 
CRaV-2 and CRaV-3) were found in mixed infection 
and associated to chlorotic ringspot symptoms of C. 
japonica (Liu et al., 2019). Recent analysis of samples 

from affected plants from Italy using the high-through-
put sequencing (HTS) technique revealed a complex 
group of viruses from the Betaflexiviridae and Fimov-
iridae families. Particularly, two new emaravirus spe-
cies were identified, named camellia japonica associat-
ed emaravirus 1 and 2 (CjEV1 and CjEV2), were found 
only in symptomatic plants, while the betaflexiviruses 
identified were associated to camellia ringspot associ-
ated virus 1 and 2 (CRaV-1 and CRaV-2) (Peracchio et 
al., 2020). Using the same approach, new viruses were 
identified in China from camellias with various symp-
toms, provisionally named camellia chlorotic ringspot 
viruses (CaCRSVs, genus Fimoviruses), camellia yellow 
ringspot virus (CaYRSV, genus Idaeovirus), camellia-
associated badnavirus (CaBaV), and camellia-associ-
ated marafivirus (CaMaV) (Zhang et al., 2020). In the 
same work, tea plant necrotic ring blotch virus (TPN-
RBV), previously detected in C. sinensis (Hao et al., 
2018), has also been detected. Overall, a clear-cut pic-
ture correlating with precision, symptoms observed in 
C. japonica with a specific virus is still far to be com-
plete. In the present study, we used HTS to analyse the 
virome of a C. japonica plant displaying yellow spots, 
yellow mottling up to yellowing in some leaves and 
colour-breaking of flowers (Figure 1). These symptoms 

Figure 1. Camellia plant analysed in this study, showing leaf symptoms in some branch, consisting in yellow spots, yellow mottling up to 
yellowing (A) and colour-breaking of flowers (B and C).
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were associated to only one virus for which a detection 
method was also proposed. 

MATERIALS AND METHODS

Sample collection

In May 2020, during a tourist visit to the villa Cam-
polieto, considered one of the most beautiful villas on 
the so-called “Golden Mile”, an historic and cultural 
stretch of 18th-century Italian baroque architecture, 
located between Ercolano and Torre del Greco munici-
palities (Campania region, Italy), a camellia plant was 
noted for its evident viral leaf symptoms. Symptomatic 
leaf samples were kept in clean bags on ice and brought 
to the Portici section of the Institute for Sustainable 
Plant Protection of National Research Council (IPSP-
CNR). Part of the fresh samples were used for RNA 
extraction and submitted to HTS, while the remaining 
part was annotated in the IPSP-CNR virus collection 
and kept in calcium chloride at 5 °C.

RNA isolation, library preparation and HTS analyses

Total RNA was extracted from 100 mg of fresh 
leaves (50 mg in the case of petals), by pooling 0.5 × 
0.5 cm leaf pieces obtained from four different leaves 
of the same plant, using the NucleoSpin RNA Plant kit 
(Macherey-Nagel, Düren, Germany). The purified RNA 
(80 ng/ml) was used to construct cDNA libraries with 
the TruSeq Stranded Total RNA Library Prep Kit with 
Ribo-Zero Plant (Illumina, San Diego, CA, USA). The 
resulting cDNA libraries were sequenced on an Illu-
mina NovaSeq 6000 platform, with sequencing services 
provided by Macrogen Inc. (Seoul, Republic of Korea). 
Raw sequencing data were processed using CLC Genom-
ics Workbench v. 21 (Qiagen, USA). Reads were initial-
ly trimmed using the Trim Reads tool and reads with 
a quality score ≤ 0.05 (which corresponds to a Phred 
score of ~13) or a length shorter than 15 bp were dis-
carded. The trimmed reads were then filtered against 
the Camellia sinensis reference genome (GenBank acces-
sion No. GCF_004153795.1; downloaded 03-30-2025) 
to remove host-derived sequences. The remaining reads 
were subjected to de novo assembly using CLC Genom-
ics Workbench with the following parameters: word size 
of 19, bubble size of 50, and a minimum contig length 
of 200 bp. To identify viral sequences, assembled con-
tigs were screened using tBLASTx against the viral Ref-
Seq database, followed by BLASTn searches against the 
NCBI online database with a cutoff E-value of 10⁻⁵. To 

obtain the longest possible viral genome sequences, con-
tigs identified as viral were either extended at both ter-
mini and remapped to the most closely related complete 
viral genome sequences using the Map Reads to Refer-
ence function (length fraction: 0.5; similarity fraction: 
0.8). Finally, the consensus viral genomes were depos-
ited in NCBI GenBank and used for further analyses. 
The ORFs of viral nucleotide sequence and conserved 
domains in protein sequences inferred from ORFs were 
found using the NCBI ORF (https://www.ncbi.nlm.nih.
gov/orffinder) and CD-search (https://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi) servers, respectively. 

Development of a diagnostic method based on nested-PCR 
for HTS validation and virus detection 

In this study, outer and internal primers were 
designed on viral contigs obtained by HTS and screened 
for detecting the virus identified in the symptomatic 
camellia from leaves and petal samples (Table 1). The 
cDNA was synthesized both from RNAs extracted from 
symptomatic leaves, used for HTS, and from sympto-
matic petals, using the ImProm-II reverse transcriptase 
system (Promega, USA) according to the manufacturer’s 
instructions. Reactions were performed at 42 °C for 60 
min, followed by incubation at 70 °C for 5 min. PCR 
amplification was performed using the GoTaq® DNA 
Polymerase (Promega, USA) under the following cycling 
conditions, used for both first round and second round 
PCR: initial denaturation at 94 °C for 4 min; 35 cycles 
of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 1 min; 
and final extension step at 72 °C for 10 min. First round 
of PCR was performed in 50 mL of total volume, using 
Cam_A/Cam_Br primers (Table 1). Five mL of the first 
round PCR were used as target in the second round 
PCR performed with four different primer pairs (Table 
1). PCR products were visualized in 1.2% agarose gel, 
stained with ethidium bromide, and directly sequenced 
in both senses (Eurofins Genomics, Colonia, Germany). 

RESULTS 

HTS analysis

The HTS generated a raw dataset of 89,011,588 
reads (101 bp paired end), totalling 8,990,170,388 bp, 
and have been deposited in the NCBI Sequence Read 
Archive (SRA) under BioProject accession number PRJ-
NA1461450. A total of 15,174,063 reads were filtered out, 
resulting in a final set of trimmed reads with an average 
length of 90.46 bp. To isolate non-host sequences, the 

https://www.ncbi.nlm.nih.gov/orffinder
https://www.ncbi.nlm.nih.gov/orffinder
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi


194 Francesco Desiderio et alii

trimmed reads were mapped against the host reference 
transcriptome. A total of 64,470,046 reads were iden-
tified as host-derived and subsequently removed. The 
remaining filtered reads were then subjected to de novo 
assembly, which yielded 688 contigs. The assembled 
contigs were analysed using tBLASTx and BLASTn for 
plant virus identification. Three contigs were specifically 
annotated as plant viral sequences, all of which showed 
high similarity to camellia ringspot-associated virus 3 
(CRSaV-3; family Betaflexiviridae, subfamily Trivirinae, 
genus Capillovirus; Gaafar and Ziebell, 2021). They were 
contig 30, of 3.482 bp, contig 5 of 2.932 bp and contig 

44 of 833 bp, respectively. These contigs were aligned 
to the reference genome with the highest BLASTn score 
(GenBank accession no. MK050795) to determine their 
relative genomic positions and generate a consensus 
sequence (Figure S1A). After that, trimmed reads were 
remapped to this consensus sequences (Figure S1B), 
resolving the gap between contig 44 and contig 5 while 
gap between contigs 30 and 5 remain unresolved.

To bridge the remaining gap between the contigs 30 
and 5 (Figure S1), specific primers were designed for gap 
filling, followed by PCR and Sanger sequencing (Table 
1 and Figure 2). Through this integrative approach, the 
complete genome sequence of CRSaV-3 was successfully 
determined. Finally, the trimmed reads were re-mapped 
to this newly established complete sequence, with 11,234 
reads uniquely mapped to the viral genome.

Genome analysis

The genomic sequence was determined to be 7402 nt 
(GenBank accession No. PZ012665), excluding poly(A) 
tail at the 3’ end, and showed the highest percentage of 
nucleotide identity (87.1%) with the isolate CJ5_676 of 
CRSaV-3 (GenBank accession no. MK050795), identi-
fied in USA (Montgomery County Maryland) in 2016, in 
the CJ5 cultivar of C. japonica (Liu et al., 2019). Accord-
ing to the species demarcation criterion (< 72% iden-
tity at genomic sequence) for the family Betaflexiviridae 
(Adams et al., 2012), the virus identified in the present 
study should be considered a new isolate of CRSaV-3, 

Table 1. Primer pair used in first round and second round nested-
PCR for CRSaV-3 detection.

Primer 
name 5’-sequence-3’ Interval 

(nt) Size

First round
Cam_A GAGGCTCCATCTTTGAACAGGG 3038-3864 826 bp
Cam_Br GAACCCACCCATCTTGAAGGTG
Second round
Cam_F GATTCTGTGTGTCCAGAAGGG 3210-3820 610 bp
Cam_R GAACCATCCTTCAATTCCCTG
Cam_F1 CTGAATCCTATCTCTGAGCCC 3161-3712 551 bp
Cam_R1 CTCTGGCTTCTCCATCAGCAC
Cam_F GATTCTGTGTGTCCAGAAGGG 3210-3712 502 bp
Cam_R1 CTCTGGCTTCTCCATCAGCAC
Cam_F1 CTGAATCCTATCTCTGAGCCC 3161-3815 654 bp
Cam_R2 CCTTCAATTCCCTGAACTCTC

M A/Br F/R F/R1 F1/R2 F/R1M C- A/Br F/R

A B
Figure 2. Results of the first round and second round nested PCR from RNA extracted from symptomatic camellia petals (A) and leaves 
(B), using primer pair listed in Table 1. M = 100 bp DNA ladder (Promega, USA); A/Br = first round primers Cam_A/Cam_Br; F/R = sec-
ond round primers Cam_F/Cam_R; F1/R1 = second round primers Cam_F1/Cam_R1; F2/R2 = second round primers Cam_F2/Cam_R2; 
F/R1 = second round primers Cam_F/Cam_R1; C- = negative control.
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named 780_Campolieto, representing the first report of 
this virus in Europe in C. japonica. 

The genomic organization and structure between 
the two CRSaV-3 isolates is similar: both genomes con-
tain three ORFs, a large ORF 1, a nested ORF 2 and 
a small ORF 3 at the 3’ region, with the ORF1 that 
encodes a polyprotein consisting of a methyltransferase, 
a viral RNA helicase, a RdRp domain and a Trichovirus 
coat protein (CP) domain; the ORF 2, nested with ORF 
1, encoding a movement protein (MP); the ORF 3 that 
encodes a protein of 133 aa residues containing a nucle-
ic acid binding protein (NABP) domain, as reported 
for some betaflexivirus (Liu et al., 2019, Supplementary 
material, Figure S2). 

Genome comparison of 780_Campolieto with the 
two CRSaV-3 described in Liu et al. (2019) revealed that 
the 5’ untranslated regions was at least of 59 nt for 780_
Campolieto, 80 nt for CJ5_676 and 62 nt for CJ5_807; 
the 3’-UTR was at least of 7 nt for 780_Campolieto, 22 
nt for CJ5_676 and 13 nt for CJ5_807. Summary results 
of the sequences pairwise comparison between 780_
Campolieto and the two American isolates CJ5_676 and 
CJ5_807 of CRSaV-3 are reported in the Table 2.

Validation of HTS results and virus detection

The 780_Campolieto isolate of CRSaV-3 was easily 
detected in RT-PCR form RNAs extracted from symp-
tomatic petals by using the Cam_A/Cam_Br primers. 
Amplicon of the expected size (826 bp) was obtained 
(Figure 2A) and sequence was 100% identical to the 
corresponding genome portion of the 780_Campolieto 
assembled by HTS analysis. Nevertheless, first round 
with these primers gave negative results when the RNAs 
extracted from fresh symptomatic leaves was used in RT-
PCR. Thus, three nested primer pairs were designed to 
increase the detection sensitivity (Table 1). All of them 
gave expected amplicons (Figure 2B) and sequences were 
100% identical among them and with 780_Campolieto. 
Overall, these primers were used to validate HTS results, 

to detect viruses in different plant tissues and to bridge 
gap between the two consecutive contigs 30 and 5.

DISCUSSION

As with many trees and shrubs, the multiplication 
of new camellia varieties is achieved through vegetative 
propagation from selected mother plants. This process, 
however, exposes the varietal germplasm to the risk of 
disease accumulation, especially those of viral origin. 
Numerous viruses have been described in C. japonica, 
often found in multiple associations, making it difficult 
to establish the contribution of each virus to the various 
symptoms observed in this plant (Liu et al., 2019; Perac-
chio et al., 2020; Zhang et al., 2020). Indeed, similar 
symptoms have been associated with different viral com-
plexes, although some studies have proposed a correla-
tion between the type of symptomatology and the preva-
lence of certain viral species (Zhang et al., 2020). None-
theless, this approach appears to be highly empirical, 
failing to consider the possible multiple interactions at 
various levels between the plant and the viruses present. 
Here we report the identification of a new CRSaV-3 iso-
late in C. japonica, reported for the first time in Europe. 
Analysis conducted using HTS revealed that this was the 
only virus detected in the symptomatic plant analysed, 
and consequently, the symptoms observed, consisting in 
chlorotic spots, yellow mottling, and leaf yellowing (Fig-
ure 1), can be tentatively linked to the Italian CRSaV-3 
isolate 780_Campolieto.

The complete or nearly complete genomic sequence 
of isolate 780_Campolieto has been produced and 
deposited (GenBank accession No. PZ012665). Compari-
son of the genomic characteristics with other CRSaV-3 
isolates available in the database revealed some genet-
ic divergence among these isolates, in the replicase, 
MP and NABP ORFs, unlike the CP. This would con-
firm previous supposition, namely that the CP plays 
an important role in maintaining the virion structure 
and plays an essential role in the virus life cycle (Liu et 
al., 2019). To validate the genomic sequence obtained 
by HTS, a RT-PCR was developed using primer pairs 
designed on the assembled sequence. This method was 
applied using RNA extracted from both symptomatic 
petals and leaves. Since camellia leaves are known to 
contain numerous substances that inhibit the Taq poly-
merase, including specific tannins such as camelliatan-
nin D (Hatano et al., 1995; Uchii et al., 2019), and which 
are likely responsible for the failure of direct amplifica-
tion in the first round of PCR. To increase the sensitiv-
ity of the RT-PCR on RNA extracted from leaves, due 

Table 2. Percentage of identity of nucleotide (nt) and percentage of 
identity/similarity of amino acid (aa) sequences between the iso-
late 780_Campolieto and the two isolates CJ5_676 and CJ5_807 of 
CRSaV-3, obtained using BLASTN and BLASTP respectively (Alts-
chul et al., 1997).

Genome  
(nt)

Replicase  
(aa)

MP  
(aa)

CP  
(aa)

NBP  
(aa)

CJ5_676 87.1 84.4/89.0 92.9/96.0 99.4/100 91.7/94.0
CJ5_807 75.4 77.2/86.0 81.9/90.0 97.4/99.0 74.6/82.0
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to high content of tannins, a second round of PCR was 
used using internal primers (Table 1). This method was 
effective in amplifying CRSaV-3 (Figure 2) from leaves, 
which gave apparently negative results after the first 
round of PCR.

In conclusion, this virome analysis offers strong 
evidence about CRSaV-3 linked to observed symptoms, 
helping assess risks and manage known or new viruses 
of C. japonica.
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Summary. Garlic production is affected by dry rot, which is an emerging disease 
caused by several Fusarium spp., including Fusarium proliferatum (the main species). 
There is currently no effective method to prevent garlic dry rot during storage of gar-
lic bulbs. Increased knowledge of the characteristics of F. proliferatum linked to dry 
rot development and pathogen population genetics would increase understanding of 
Fusarium dry rot epidemics in garlic. The present study aimed to assess genotypic and 
phenotypic diversity of F. proliferatum isolates collected from garlic in southern France 
and elsewhere from other plant species. Among the 185 Fusarium isolates genotyped 
using eight microsatellite markers, 54 complete multilocus haplotypes were obtained, 
of which five were identified as distinct. All of 55 isolates assessed for their mycelium 
growth and sporulation capacities were able to grow and to produce conidia at 15, 21, 
30 and 35 °C, while none grew at 4 or 40 °C. All of 20 assessed isolates were similarly 
pathogenic to garlic when assessed at 23 or 30 °C. All assessed isolates grew well at 
basic pH. No differences were detected among F. proliferatum isolates collected from 
French garlic or from other countries or other host plant species. The F. proliferatum 
isolates collected from garlic in France had low genotypic diversity and little phenotyp-
ic difference, compared with isolates obtained from garlic in other countries or from 
other host plants.

Keywords. Allium sativum, mycelium growth, conidiation, temperature, pH.

INTRODUCTION

Garlic (Allium sativum L.) is a valued vegetable because of its organolep-
tic and antimicrobial properties. Production of garlic has increased over the 
last 20 years, reaching 29 million tons in 2022 (Food & Agriculture Organi-
zation of the United Nations (FAO), 2025). In Europe, 800,000 tons are pro-
duced from 97,000 ha. In EU countries, garlic is usually grown to high qual-
ity standards (Galvez and Palmero, 2022).

Garlic produced in France (19,430 tons from 4,360 ha; FAO, 2025), 
mainly in the southern half of the country, benefits from high quality stand-
ards and certification, which ensure control of production including restric-
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tion of production to particular regions (Chrétien et al., 
2020). Despite intensive control and certification of seed 
and plants, French garlic is affected by Fusarium dry rot 
(FDR). Symptoms of this disease mainly manifest dur-
ing garlic storage: brown discolourations and white/
pink mycelia appear on cloves, and can extend until the 
affected plant heads collapse. Garlic heads with these 
symptoms can no longer be sold, and can cause severe 
income losses for producers (Chrétien et al., 2021). These 
causes and effects have been observed in neighbouring 
European countries (Galvez and Palmero, 2022).

In the past 20 years, FDR has emerged internation-
ally. The disease has been reported in many countries 
in Europe (Germany, Spain, Italy, France, Serbia, Slova-
kia, Bulgaria), the Americas (United States of America, 
Argentina, Mexico), Asia (Russia, India, China, Turkey), 
Africa (Egypt), and more recently in Australia (Harper 
et al. 2025). Several Fusarium species have been isolated 
from garlic with FDR symptoms, but F. proliferatum is 
the most frequently identified causal agent (Dugan et al., 
2003; Stankovic et al., 2007; Palmero et al., 2010; Sankar 
and Babu, 2012; Tonti et al., 2012; Moharam et al., 2013; 
Ochoa Fuentes et al., 2013; Salvalaggio and Ridao, 2013; 
Ignjatov et al., 2018; Leyronas et al., 2018; Mondani 
et al., 2021; Chrétien et al., 2021; Gálvez and Palmero, 
2021; Horáková et al., 2021; Dedecan et al., 2022).

At present, there is no efficient method to prevent 
outbreaks of garlic dry rot. This is due to lack of knowl-
edge about factors affecting dry rot development (e.g. 
nature of inoculum reservoirs, time and place of infec-
tions, conditions for symptom expression). Increased 
knowledge is required on epidemiology of FDR, includ-
ing enhanced understanding of the biology and ecol-
ogy of F. proliferatum as the main pathogen, and the 
conditions that promote its development. Since FDR is 
emerging internationally, comparison of the phenotypic 
characters that affect pathogen fitness and the genotyp-
ic profile of F. proliferatum isolates obtained in differ-
ent countries could indicate reasons for the increasing 
importance of this pathogen.

Fusarium proliferatum is a polyphagous fungus, 
with a host range including more than 25 dicot and 
monocot plant species, that are herbaceous plants and 
trees. This fungus can cause different host symptoms 
including wilt, blight, rot, and dieback. The pathogen 
can also be endophytic in some without inducing symp-
toms or only causing diseases under particular condi-
tions (Kwon et al., 2001; Proctor et al., 2010). In garlic, 
F. proliferatum can be isolated from symptomatic and 
asymptomatic cloves (Chrétien et al., 2021; Mondani et 
al., 2021), making it difficult to establish how disease 
develops. The conditions underlying the transition of F. 

proliferatum from the endophytic to symptomatic phases 
in garlic are not known.

In contrast to its diversity of hosts and the symp-
toms it causes, F. proliferatum has low genetic diversity 
as shown from sequencing of several genes (tef-1α, rpb1, 
rpb2, ITS, and IGS). Chretien et al. (2021) reported low 
diversity of isolates from French garlic collected from 
geographically separated growing regions over several 
years. The same low genetic diversity was observed for 
F. proliferatum isolates collected from Spanish garlic 
(Gálvez et al., 2017). Limited intraspecies divergence of 
the tef-1α sequences was also observed in isolates collect-
ed from different host species (Stępień et al., 2011). 

The present study aimed to genotypically and phe-
notypically characterize F. proliferatum isolates to 
increase understanding of development of dry rot in gar-
lic. A collection of F. proliferatum isolates was assessed 
for genetic characteristics with microsatellites mark-
ers. These neutral markers enable comparison between 
groups of isolates, and assessment of their possible dif-
ferentiation. The study also assessed isolate phenotypic 
traits possibly linked to epidemic development (myceli-
um growth, conidiation, aggressiveness) at different tem-
peratures and pH values.

MATERIALS AND METHODS

Fungal material

Several sets of isolates were used to assess indices of 
genetic diversity and effects of temperature and pH on 
mycelium growth, conidium production, and pathogenic 
aggressiveness. All the isolate sets were selected to repre-
sent the diversity present in the overall collection at the 
time the experiments were carried out.

One hundred and eighty-five isolates of F. prolifera-
tum were genotyped (Supplementary material SI 1). Of 
these isolates, 178 were from the collection of the Pathol-
ogie Végétale Research Unit (Chrétien et al., 2021). These 
isolates originated from France, and their sources were 
distributed among garlic types (pink, white or purple), 
from southwestern and southeastern production areas, 
and among years of production (2017, 2018, or 2019). 
Two isolates, also collected from garlic and originating 
from Spain, and two from the United States of Amer-
ica were also provided, respectively, by the Universidad 
Politécnica de Madrid and the Agricultural Research 
Service (United States Department of Agriculture). 
Three F. proliferatum isolates were also provided by the 
French Agency for Food, Environmental and Occupa-
tional Health & Safety (ANSES) had been isolated from, 
respectively, Triticum sp., Zea mays, or Hordeum vul-
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gare. One isolate of F. solani (FA574-E04) and one of F. 
oxysporum (FA112-E04), both obtained from French gar-
lic, were also included in the isolate set that was geno-
typed in an assessment of the specificity of microsatel-
lites markers.

To characterize phenotypic traits linked to epidemic 
development, 55 F. proliferatum isolates were studied for 
their mycelium growth on Potato Dextrose Agar (PDA; 
Difco). Among these, 25 isolates had been collected from 
French garlic. To compare life history traits of French F. 
proliferatum isolates with those of isolates of different ori-
gins, seven isolates collected in Spain and 11 isolates col-
lected in the United States of America (USA) were includ-
ed in this experiment (Supplementary material SI 1). In 
addition, 12 F. proliferatum isolates originating from 
plants other than garlic were also assessed; from onion 
(Allium cepa), soybean (Glycine max), barley (Hordeum 
vulgare), wheat (Triticum sp.), maize (Zea mays), Populus 
sp., palm tree (Bactris gasipaes), or banana (Musa sp.).

A sub sample of 25 F. proliferatum isolates repre-
senting the diversity of the main sample (15 from garlic, 
including six from France, six from the USA, three from 
Spain; and ten from other plants), were characterized for 
their conidiation capacities. Twenty F. proliferatum iso-
lates collected from French garlic (13 from south eastern 
France and seven from the southwest) were assessed for 
their pathogenicity at 23 °C and at 30 °C.

Isolate genotyping 

Genomic DNA was extracted in 96-well plates from 
100 mg fresh weight amounts of frozen mycelium (col-
lected from 14-d-old colonies), following the Dneasy 
Plant Extraction Kit protocol (Qiagen). Eight microsat-
ellite markers designed for F. proliferatum by Moncrief 
et al. (2016) were amplified with forward primers con-
jugated with the following fluorescent dyes: 6FAM for 
loci SSR37 and SSR45, NED for loci SSR18 and SSR 68, 
VIC for loci SSR32 and SSR109, and PET for loci SSR38 
and SSR92. Reverse primers did not carry any fluores-
cent dye. The SSR32 locus could not be amplified with 
the initial protocol tested on 15 isolates representing the 
diversity of the main sample (geographical origin, gar-
lic type, year of isolation). Despite modifications to the 
protocol, no amplification product could be obtained for 
SSR32, so this locus was excluded from further analyses.

The seven remaining loci were amplified using 55 
°C as the hybridization temperature. To determine the 
size of the microsatellites, the PCR products were diluted 
and multiplexed prior to scanning using an ABI 3730XL 
sequencer (Applied Biosystems). The multiplexing con-
sisted of mixing the PCR products of several markers in 

each microplate well. The PCR products were separated 
in two mixes: one for markers SSR18, SSR37, SSR38 
and SSR108, and the second for markers SSR45, SSR68 
and SSR92. In each well, 500LIZ was used as a standard 
size marker. PCR and product scanning were carried 
out using Genoscreen. GeneMapper software version 
4.1 (Applied Biosystems) was then used for microsatel-
lite size analyses. Complete microsatellite size profiles 
(referred hereafter as “haplotypes”) were obtained for 54 
F. proliferatum isolates.

Genetic characterization and comparison of Fusarium 
proliferatum isolates

Unbiased gene diversity (Hnb) was computed sepa-
rately for the isolates collected from the three garlic 
types (pink, purple, or white) and areas of production 
(southeast of southwest France), the Genetix software 
(Belkhir et al., 1996–2004).

The index of clonal richness (R) was calculated, 
using the following formula:

R = (G−1)/(N−1),

where G is the number of distinct haplotypes and N is 
the number of individuals with complete haplotypes. 
This index estimates the proportion of clonal haplo-
types present in a population, and is equal to 1 when a 
population is composed exclusively of unique haplotypes 
(Arnaud-Haond et al., 2007).

The level of genetic differentiation between the F. pro-
liferatum isolates from different types of garlic and differ-
ent production areas was assessed by computing Weir & 
Cockerham’s fixation indices (FST), using the software 
Arlequin version 3.5 (Excoffier et al., 2005). The mono-
morphic locus (SS92) was removed for these analyses.

Evaluation of mycelium growth and conidiation of Fusari-
um proliferatum isolates

To evaluate temperature effects on mycelium growth 
and conidiation, six temperatures were used (4, 15, 21, 
30, 35 or 40 °C). In this experiment, PDA of pH 5.5 was 
used. Three replicate PDA plates were used for each iso-
late and for each temperature. To evaluate effects of pH, 
six values (4.5, 5.0, 6.0, 7.0, 8.0 or 9.0) were assessed. 
Medium pHs were adjusted with HCl and NaOH before 
sterilization, and were verified after sterilization. The 
Petri inoculated plates were stored in a climate chamber 
at 21 °C in the dark. Three replicate plates were used for 
each isolate and each pH value.
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Agar plugs (4 mm diam.) were taken from the grow-
ing margins of 7-d-old colonies, and placed in the cen-
tres of PDA Petri plates (90 mm diam.). All Petri plates 
for every modality were then stored in the dark. Seven 
days after inoculation of Petri plates, the diameter of 
each resulting colony was measured in two directions 
at right angles to each other. Mycelium growth after 7 d 
was calculated as the average of the two diameters divid-
ed by seven, and expressed in mm d-1. After 14 d, myce-
lium and conidia were collected from Petri plates by 
gently rubbing each agar surface with a cotton bud. All 
the collected material was then placed in 30 mL of water 
and homogenized. The concentration of conidia in each 
suspension was assessed using hemocytometer, and the 
total number of conidia in 30 mL was calculated. Conid-
ium production was expressed as number of conidia pro-
duced per Petri plate.

Evaluation of Fusarium proliferatum aggressiveness at 23 
and 30 °C

This assessment aimed to evaluate the aggressive-
ness of F. proliferatum at a temperature near 20 °C and 
at a higher temperature similar to those that occur in 
southern France in summer, when garlic is harvested, 
dried, and then stored. This experiment was carried out 
using plants growing in climate chambers set at 23 and 
30 °C. Twenty isolates of F. proliferatum were inoculated 
onto garlic cloves (variety Edenrose, pink type), using 
the protocol of Chrétien et al. (2021). In brief, asymp-
tomatic garlic cloves were surface disinfected and were 
then soaked in conidium spore suspensions (105 conidia 
mL-1) for 24 h. Twenty-four cloves were inoculated with 
each isolate, and 12 cloves were then incubated in the 
dark at 23 °C and 12 cloves were incubated at 30 °C. The 
areas of resulting lesions were monitored and scored at 
4, 6, 8, 11, 13, 15, and 18 d after inoculation, using the 
notation scale of Chrétien et al. (2021). These data were 
used to compute areas under disease progress curves 
(AUDPC). Isolate FA3-E01 was used as a reference for 
pathogen aggressiveness. For each isolate, an index of 
aggressiveness (IA) was calculated relative to that from 
isolate FA3-E01, as follows: IAisolate = 100 × (AUDPCiso-

late/AUDPCFA3-E01).

Statistical analyses

Statistical analyses were carried out using R software 
(R Core team, 2013) and Statistica (version 12, Statsoft). 
Mycelium growth and conidiation data were compared 
with analyses of variance (ANOVAs) and Tukey’s HSD 

post hoc test. Dunn’s tests were carried out to determine 
which groups were different. Statistical inferences were 
made at P > 0.05. Indices of aggressiveness were com-
pared using Mann-Whitney tests. Kruskall-Wallis tests 
were used to compare mycelium growth and conidium 
production of the different groups of isolates for each 
assessed temperature or pH.

RESULTS

Genetic diversity of Fusarium proliferatum isolates

Locus SSR32 was removed from the genotyping 
since no amplifications were obtained from the 15 iso-
lates used in the experiment, even using up to 40 ampli-
fication cycles. Locus SSR92 was monomorphic giving a 
single 359 bp allele, while the other loci were polymor-
phic with the number of alleles being 2 from isolates 
SSR18, SSR38, SSR68 and from SSR37 (Table 1). Some 
of the microsatellite markers lacked specificity: all except 
SSR109, were amplified for F. oxysporum, while none 
amplified for the F. solani isolate.

Despite successive trials to amplify the seven micro-
satellites loci, complete haplotypes were obtained for 
only 54 F. proliferatum isolates out of 185. Only five dif-
ferent multilocus haplotypes (MLH) were identified 
among the 54 haplotypes, leading to a low value index 
of clonal richness (0.07). The most frequent MLH was 
represented by 46 isolates, among which 24 isolates were 
from the southeastern region of France, 21 were from 
the southwestern basin, and one was from Spain (Table 
2). The number of alleles per locus did not exceed 1.71 
for any group of isolates.

There was no evidence of genetic differentiation 
between F. proliferatum isolates from southeast and 
southwest France, and the FST index statistic was not 
significant (P > 0.05). Also, there was no genetic dif-
ferentiation between F. proliferatum isolates from pink, 

Table 1. Polymorphism of the seven microsatellite markers (Mon-
crief et al., 2016) used in the present study to characterize the 
genetic diversity of the 185 Fusarium proliferatum isolates.

Microsatellite locus Number of alleles Size range (bp)

SSR18 2 380–382
SSR37 4 271–273–275–279
SSR38 2 380–382
SSR45 3 148–150–152
SSR68 2 116–121
SSR92 1 359
SSR109 2 401 - 404
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purple or white garlic host types (P > 0.05) for pairwise 
combinations.

Effects of temperature on mycelium growth, conidium pro-
duction and aggressiveness on Fusarium proliferatum iso-
lates

None of the 55 F. proliferatum isolates collected from 
garlic in France, or from the USA or Spain, or from oth-
er plant hosts, were able to grow or produce conidia at 4 
or 40 °C (Figure 1a). Mean mycelium growth rates were 
5.2 mm d-1 at 15 °C, 8.7 mm d-1 at 21 °C, 7.6 mm d-1 at 

30 °C, and 3.74 mm d-1 35 °C, with significant differenc-
es (P < 0.003) between temperatures.

The 25 F. proliferatum isolates assessed for conidi-
um production at different temperatures showed greater 
production at 21 °C (1.32 × 107 to 3.44 × 108 conidia per 
Petri plate after in 14 d), and at 30  °C (from 3.9 106 to 
3.7 × 108) than at 15 °C (1.8 × 106 to 2 × 108) or 35 °C 
(from 3.7 × 106 to 1.7 × 108) (P < 0.001) (Figure 1b). 

When grouped according to their origins, the isolate 
mycelium growth rates for isolate from garlic in France 
were not different (P > 0.05) from isolates from other 
origins. No differences (P = 0.238) were found between 

Table 2. Number, origin and genetic diversity of Fusarium proliferatum isolates collected from garlic and other plant species in France, 
Spain or the United States of America (USA).

Origin Number of 
isolates

Number of complete 
haplotypes Hnb a Number of alleles 

per locus
Number of distinct 

MLHs b Rc

France 178 53 0.0606 (0.07) 1.71 5 0.07
Southeast of France 91 28 0.0393 (0.05) 1.43 4 0.11
Southwest of France 87 25 0.0821 (0.11) 1.43 3 0.08
Pink garlic type 56 21 0.0252 (0.06) 1.14 2 0.05
White garlic type 61 16 0.1014 (0.08) 1.71 5 0.26
Purple garlic type 57 16 0.0668 (0.09) 1.43 3 0.13
USA 2 0 nd nd nd nd
Spain 2 1 nd nd 1 nd
Plant species other than garlic 3 0 nd nd nd nd
Total 185 54 0.0595 (0.07) 1.71 5 0.07

a Unbiased gene diversity (standard deviation in parentheses).
b Multilocus haplotype.
c Clonal richness: (number of distinct MLH-1)/(total number of complete haplotypes-1).
nd: no data.

Figure 1. Mean mycelium growth rates (mm d-1; a) and numbers of conidia per Petri plate (b) for Fusarium proliferatum isolates col-
lected from garlic in France, Spain or the United States of America (USA), or and from other plant hosts, grown at different temperatures. 
Fifty-five isolates were used in the mycelium growth assessment (a), and 25 isolates were used in the conidium production assessment. No 
mycelium growth or conidium production occurred at 4 or 40°C. For each temperature, the bold horizontal line inside the rectangle is the 
median, the horizontal borders of the rectangle are the 25 and 75% confidence intervals and the vertical lines indicate the maximum and 
minimum values. Outlier data are indicated by black dots. Means accompanied by the same letters are not different (P ≤ 0.05).
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the isolate groups. All the isolates grew more at 21 or 30 
°C than at 15 or 35 °C (P < 0.001 for Tukey test com-
parisons of means).

When comparing data from each temperature, 
there were significant differences between the mycelium 
growth of the four groups of isolates at 30 °C (PKruskall-

Wallis = 0.03) and 35 °C (PKruskall-Wallis < 0.001). At 30 °C, 
the French isolates were the slowest-growing (Figure 2c), 
whereas at 35 °C they were the fastest-growing. (Fig-
ure 2d). However, there were no significant differences 
of conidium production between the different groups 
of isolates at each temperature (0.056 < PKruskall-Wallis< 
0.219), except at 35 °C between the isolates from France 
and from USA (Figure 3d).

Aggressiveness at 23 and 30 °C

When inoculated onto plants of the Edenrose vari-
ety, all 20 F. proliferatum isolates collected from French 
garlic produced disease symptoms. The index of aggres-
siveness (IA) ranged from 67 to 142% of the reference 
isolate at 23 °C, and from 66 to 125% at 30 °C (Figure 

4). Isolates IAs did not differ (PMann-Whitney = 0.96) when 
the garlic cloves were incubated at 23 °C, from when 
they were incubated at 30 °C. The IA values at 23 °C 
were positively correlated with the equivalent values at 
30 °C (RPearson = 0.89, P < 0.05). This showed that the 
more aggressive a F. proliferatum isolate was at 23 °C, 
the more aggressive it was at 30 °C on garlic.

Six isolates (with IAs ranging from 72 to 142% at 
23 °C) were characterized for aggressiveness and myce-
lium growth. There were no correlations between their 
mycelium growth rates and their aggressiveness at 30 °C 
(R2 = 0.01). However, there was significant correlation 
between mycelium growth at 21 °C and aggressiveness at 
23 °C (R2 = 0.7).

Effects of pH on mycelium growth and conidium produc-
tion by Fusarium proliferatum

All 55 F. proliferatum isolates were able to grow at 
pHs between 4.5 and 9.0, with mean mycelium growth 
rates ranging from 5.2 to 11.9 mm d-1. Growth rate dif-
ferences between pHs were significant (P < 2 ×10-16) 

Figure 2. Mean mycelium growth rates (mm d-1) of Fusarium proliferatum isolates collected from garlic in France (25 isolates), Spain 
(seven isolates) and in the USA (11 isolates), or from other plant species (XP; 12 isolates), at 15°C (a), 21°C (b), 30°C (c) or 35°C (d). For 
each plot, the bold horizontal line inside the rectangle is the median, the horizontal borders of the rectangle are the 25 and 75% confidence 
intervals, and the vertical lines indicate the maximum and minimum values. Outlier data are indicated by black dots. Means accompanied 
by the same letters are not different (P ≤ 0.05).
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Figure 3. Mean numbers of conidia per Petri plate for cultures of Fusarium proliferatum isolates from garlic from France (six isolates), in 
Spain (three) or the USA (six), or from other plant species (XP; ten), at 15°C (a), 21°C (b), 30°C (c) or 35°C (d). For each plot, the bold 
horizontal line inside the rectangle is the median, the horizontal borders of the rectangle are the 25% and 75% confidence intervals, and the 
vertical lines indicate the maximum and minimum values. Outlier data are indicated by black dots. Means accompanied by the same letters 
are not different (P ≤ 0.05).

Figure 4. Mean indices of aggressiveness of 20 isolates of Fusarium proliferatum obtained from garlic in France, as determined at 23 or 
30°C when inoculated onto bulbs of the Edenrose variety. Isolate FA3-E01 was a reference. For each plot, the bold horizontal line inside the 
rectangle is the median, the horizontal borders of the rectangle are the 25 and 75% confidence intervals, and the vertical lines indicate the 
maximum and minimum values. Outlier data are indicated by black dots. Means accompanied by the same letters are not different (P ≤ 0.05).
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(Figure 5a). The isolates grew more slowly at pH 4.5 
than at all the other pHs (all PTukey < 0.001). They also 
grew more slowly at pH 5.0 than at pH 6.0 (PTukey = 
0.049), pH 7.0, pH 8.0, and pH 9.0 (all PTukey < 0.001). 
There were no differences (PTukey > 0.4) for mycelium 
growth at pH 9.0, pH 8.0, pH 7.0 or pH 6.0.

All the isolates of the subsample assessed for conid-
ium production produced conidia at pHs between 4.5 
and 9.0, with numbers of conidia produced per Petri 
plate after 14 d ranging from 4.5 × 105 at (pH 7.0, 8.0 or 
9.0) to 5.11 × 108 (at pH 8.0) (Figure 5b) Conidium pro-
duction was different at pH 5 compared to pH 4.5 (P = 
0.003), pH 8.0 (P = 0.019) or pH 9.0 (P = 0.002). There 
were no other statistically significant differences in 
conidium production at the other pH values assessed.

When comparing data at a particular pH, there were 
no significant differences in mycelium growth between 
the four groups of isolates at pH 4.5 (PKruskall-Wallis = 
0.50), pH 5.0 (PKruskall-Wallis = 0.63), pH 7.0 (PKruskall-Wallis 
= 0.63), pH 8.0 (PKruskall-Wallis = 0.46), or pH 9.0 (PKruskall-

Wallis = 0.44) (Figure 6). There was a small difference (P 
= 0.0505) at pH 6.0. The isolates from Spain grew more 
slowly than the isolates from the other three regions.

When each pH value was considered separately, 
there were statistically significant differences among 
the four geographical groups of isolates at pH 5.0 (P = 
0.0019) and pH 7.0 (P = 0.017) (Figure 7).

DISCUSSION

The present study aimed to characterize genetic 
and phenotypic characteristics of F. proliferatum isolates 

collected from different origins, to provide increased 
knowledge of development of dry rots in garlic bulbs.

Isolates of F. proliferatum were well-adapted to the 
cultural conditions for garlic crops, including soil pH and 
ambient temperatures during plant growth, harvest and 
storage. Garlic is cultivated in soil with basic pH (Vil-
leneuve and Erard, 2012), and the present study results 
showed that isolates of F. proliferatum grew more rapidly 
at basic than at acid pHs. In Europe, garlic is harvested in 
early summer, and is then dried and stored. In the south of 
France, temperatures usually reach 30 °C and above dur-
ing summer. The present study showed that F. proliferatum 
can grow and can produce conidia at these temperatures, 
that are generally not optimal for the development of fun-
gi growing in temperate regions. These results are similar 
to those of Stępień et al. (2011), and Galvez et al. (2017). 
In the present study, the F. proliferatum isolates did not 
grow at low temperature but remained viable, confirming 
that low temperatures are suitable for garlic storage (Mon-
dani et al., 2021), to prevent or to slow appearance of FDR 
symptoms. As soon as garlic bulbs are back at ambient 
temperature, disease symptoms may develop or increase.

Internationally, there are few or no differences 
among F. proliferatum isolates collected from French 
garlic and those from garlic Spain or the USA, or from 
isolates other plants (except for mycelium growth, where 
the French isolates grew more slowly at 30 °C, and more 
rapidly at 35 °C). Phenotypic traits were investigated in 
the present study to reveal potential diversity among 
F. proliferatum from different regions. Although lim-
ited genetic diversity was shown, phenotypic diversity 
would indicate adaptation of F. proliferatum to different 
regions, and determining if there were biogeographi-

Figure 5. (a) Mean mycelium growth rates (mm d-1), and (b) mean numbers of conidia, after 7 d in Petri plates containing PDA of differ-
ent pHs, for Fusarium proliferatum isolates obtained from garlic in France, Spain the USA, or from other plant species. Fifty-five isolates 
were used in the mycelium growth assessments, and 25 were used in the conidium production experiment. For each plot, the bold horizon-
tal line inside the rectangle is the median, the horizontal borders of the rectangle are the 25 and 75% confidence intervals, and the vertical 
lines indicate the maximum and minimum values. Outlier data are indicated by black dots. Means accompanied by the same letters are not 
different (P ≤ 0.05).
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cal specializations. The regions of isolate origin in the 
present study were probably not sufficiently contrasting. 
Further research should assess isolates originating from 
regions where FDR is present, but with contrasting soils 
and climates (e.g. cold winters as in Canada or Russia, or 
very hot summers as in Egypt).

In the present study, microsatellite markers were 
used to possibly differentiate pathogen isolates. When 
these markers are well designed, they are suitable for 
genotypic characterization of fungi, enabling different 
groups to be compared on the basis of indices of genet-
ic diversity (Dutech et al., 2007). Despite the attempts 
used here, difficulty was experienced for amplifying the 
microsatellites designed for F. proliferatum by Moncrief 
et al. (2016) to the 188 F. proliferatum isolates. The iso-
lates that were amplified showed low numbers of alleles. 
This low number, and the consequent low numbers of 
haplotypes, could be due to low haplotypic diversity of F. 
proliferatum, or this could be an artefact of the low poly-
morphism of the microsatellite markers.

Fusarium proliferatum is a polyphagous species, and 
the host symptoms it generates are occurring on Allium 
host species (Stankovic et al., 2007; Alberti et al., 2018; 

Haapalainen et al., 2023). Therefore, study of genetic 
similarities or differences among groups of isolates from 
diverse hosts and origins would be useful. This could 
increase understanding of population dynamics and pro-
vide insights for possible methods for protecting garlic 
and other Allium species. If host specificities were detect-
ed, new plant rotations could be defined and utilized. In 
the South of France, garlic is often cultivated in rotation 
with wheat or maize, but these crops can harbour F. pro-
liferatum (Proctor et al., 2010). It would be worthwhile 
to determine if there is one population on the different 
hosts, and if F. proliferatum inhabiting a particular host 
species can produce inoculum for neighbouring or fol-
lowing crops, crops through crop residues. Therefore, 
future research should: 1) develop methods to detect 
endophytic forms of F. proliferatum in diverse hosts (we 
are currently developing molecular methods for detec-
tion); 2) define more microsatellites markers with high 
polymorphism and specificity for F. proliferatum; and 3) 
inoculate garlic with F. proliferatum isolates from differ-
ent hosts to assess their pathogenicity.

Factors causing emergence of FDR on garlic and 
other alliaceous plants remain to be clarified. Emer-

Figure 6. Mean mycelium growth rates for Fusarium proliferatum isolates collected from garlic in France (25 isolates), Spain (seven) or the 
USA (11), or from other plant species (XP; 12 isolates), at different pHs of 4.5 (a), 5.0 (b), 6.0 (c), 7.0 (d), 8.0 (e), or 9.0 (f ). For each plot, 
the bold horizontal line inside the rectangle is the median, the horizontal borders of the rectangle are the 25 and 75% confidence intervals, 
and the vertical lines indicate the maximum and minimum values. Outlier data are indicated by black dots. Means accompanied by the 
same letters are not different (P ≤ 0.05).
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gence of plant diseases can be driven by different factors, 
including introduction of new pathogens (trade in plant 
products, dissemination by extreme climate events), agri-
cultural changes (intensification, globalization), evolu-
tion of host and pathogen relationships, and/or climate 
change (Anderson et al., 2004). However, most of these 
processes would be associated with geographic patterns, 
and would unlikely lead to international disease emer-
gence. Since F. proliferatum is often endophytic in garlic 
cloves (Chrétien et al., 2021; Mondani et al., 2021), and 
because isolates have low genetic diversity, it is possible 
that this fungus has always lived in symbiosis with garlic 
(and other Allium hosts). However, the Fusarium/garlic 
association has recently been of increasing importance, 
probably due to climate change that is common to all 
areas where FDR is emerging. This situation is unlikely 
to improve. A recent modelling study based on different 
climate change scenarios has shown that increased tem-
peratures will expand the geographic range of F. prolif-
eratum, particularly in regions that are not presently 
suitable for this pathogen (Tagyan et al., 2025). Research 
is therefore required to determine how to maintain the 

Fusarium/garlic association as asymptomatic and with-
out mycotoxin production.

ACKNOWLEDGMENTS

The authors thank researchers who provided 
fugus isolates: Dr Renaud Ioos of the French Agency 
for Food, Environmental and Occupational Health 
and Safety (ANSES), for isolates LSVM857, LSVM673, 
LSVM674, LSVM677, LSVM703, LSVM855, LSVM857, 
LSVM944, LSVM1033; Dr Daniel Palmero Llamas, of 
the Universidad Politecnica de Madrid, Plant Protec-
tion Laboratory, for isolates A10a, FPG20-CL, FPG56-
CM, FPG83-MA, 732A17pro, 744A17pro, 746A17pro, 
and 780A17pro; and Shari Lupien (USDA-ARS) for iso-
lates MR 20B Sci1, MUS1 B1 Sci1, MUS1 B2 Sci2, MUS 
22 A Sci1, RG 19 A2 Sci1, RG 19 A2 Sci2, Sib 7 B Sci1, 
Sib 10 B Sci2, SPR 11 A Sci2, SR 3 B Sci1, SR 16 C5 Sci 
1, 14-OP-FUS-025, 14-OP-FUS-026. The authors also 
thank the French garlic industry for providing garlic 
bulbs used in the study.

Figure 7. Mean numbers of Fusarium proliferatum conidia per Petri plate produced by isolates collected from garlic in France (six isolates), 
in Spain (three) or the USA (six), or from other plant species (XP; ten isolates), at different pHs of 4.5 (a), 5.0 (b), 6.0 (c), 7.0 (d), 8.0 (e), 
or 9.0 (f ). For each plot, the bold horizontal line inside the rectangle is the median, the horizontal borders of the rectangle are the 25% 
and 75% confidence intervals, and the vertical lines indicate the maximum and minimum values. Outlier data are indicated by black dots. 
Means accompanied by the same letters are not different (P ≤ 0.05).



207Phenotypic and genotypic diversity of Fusarium proliferatum in France; an emerging cause of dry rot of garlicDiversity of Fusarium proliferatum affecting garlic in France

The authors also thank Mrs M. Eygrier, E. Amorim-
Pinto, A. Alarçon, E. Borelly and J. Hamet, for the tech-
nical assistance, Mr T. Oudin for production of text fig-
ures, and Dr C.E. Morris and Dr L. Soucémarianadin for 
reviewing the manuscript of this paper. Staff of the INRAE 
Experimental facilities of the PROPHYLE platform of the 
Plant Pathology research unit ensured that operation was 
maintained of the plant growth facilities used in this study.

https://eng-pathologie-vegetale.paca.hub.inrae.fr/
infrastructures/prophyle/experimental-facilities

AUTHOR CONTRIBUTIONS

The projects in which the data presented in this 
paper were collected were managed by Christel Leyro-
nas. All authors contributed to conception and design 
of the study. Material preparation, laboratory experi-
ments and data collection were carried out by Christel 
Leyronas, Paul Chrétien, Magali Duffaud, Jean-François 
Bourgeay and Claire Troulet. Data analyses was carried 
out by Christel Leyronas. The first draft of the manu-
script was written by Christel Leyronas, and all authors 
commented on versions of the manuscript. All the 
authors read and approved the final manuscript.

FUNDING

This study benefited from a PhD student salary pro-
vided by ANRT (Association Nationale Recherche Tech-
nologie, CIFRE grant n°2017/1440) and by the French 
garlic industry (Prosemail, Coopérative Alinéa, Syndi-
cat de l’ail rose de Lautrec). This study was supported 
in part by a CASDAR grant of the French Ministry of 
Agriculture (SYNERGIES Project n°2018 IP 5849) and 
coordinated by Dr Laure Soucémarianadin from ACTA 
(Association de Coordination Technique Agricole).

LITERATURE CITED

Alberti I., Prodi A., Montanari M., Paglia G., Asioli C., 
Nipoti P., 2018. First report of Fusarium proliferatum 
associated with Allium fistulosum L. in Italy. Journal 
of Plant Diseases and Protection 125: 231–233. htt-
ps://doi.org/10.1007/s41348-017-0134-4

Anderson P.K., Cunningham A.A., Patel N.G., Morales 
F.J., Epstein P.R., Daszak P., 2004. Emerging infec-
tious diseases of plants: pathogen pollution, cli-
mate change and agrotechnology drivers. Trends 
in Ecology and Evolution 19: 535–44. https://doi.
org/10.1016/j.tree.2004.07.021

Arnaud-Haond S., Duarte C.M., Alberto F., Serrão E.A., 
2007. Standardizing methods to address clonality in 
population studies. Molecular Ecology 16: 5115–5139. 
https://doi.org/10.1111/j.1365-294X.2007.03535.x

Belkhir K., Borsa P., Chikhi L., Raufaste N., Bonhomme 
F., 1996–2004. Genetix 4.05, logiciel sous Windows 
TM pour la génétique des populations. Laboratoire 
Génome, Populations, Interactions, CNRS UMR 
5171, Université de Montpellier, Montpellier, France. 
[WWW document]. URL http://www.genetix.univ-
montp2.fr/genetix/intro.htm

Chrétien P.L., Laurent S., Bornard I., Troulet C., El 
Maâtaoui M., Leyronas C., 2020. Unraveling the 
infection process of garlic by Fusarium proliferatum, 
the causal agent of root rot. Phytopathologia Medi-
terranea 59: 285–293. https://doi.org/10.14601/Phy-
to-11103

Chrétien P.L., Morris C.E., Duffaud M., Leyronas C., 
2021. Aetiology of garlic rot, an emerging disease in 
France. Plant Pathology 70: 1276–1291. https://doi.
org/10.1111/ppa.13394

Dedecan O., Talapov T., Demùral M., Sarpkaya K., Cey-
han D.I., Can C., 2022. Molecular and pathogenic 
characterization of Fusarium oxysporum and Fusar-
ium proliferatum causing basal root rot in garlic in 
Turkey. Australasian Plant Disease Notes 17(1): 37. 
https://doi.org/10.1007/s13314-022-00484-w

Dugan F.M., Hellier B.C., Lupien S.L., 2003. First report 
of Fusarium proliferatum causing rot of garlic bulbs 
in North America. Plant Pathology 52: 426. https://
doi.org/10.1046/j.1365-3059.2003.00852.x

Dutech C., Enjalbert J., Fournier E., Delmotte F., Barrès 
B., … Giraud T., 2007. Challenges of microstallite iso-
lation in fungi. Fungal Genetics and Biology 44: 933–
949. https://doi.org/10.1016/j.fgb.2007.05.003

Excoffier L., Laval G., Schneider S., 2005. Arlequin ver. 
3.0: An integrated software package for population 
genetics data analysis. Evolutionary Bioinformatics 
Online 1: 47–50.

FAO 2025. Rome: Food &Agriculture Organization of the 
United Nations (FAO). Accessed 26 March 2025 htt-
ps://www.fao.org/faostat/fr/#data/QCL/visualize

Gálvez L., Palmero D., 2021. Incidence and etiology of 
postharvest fungal diseases associated with bulb rot 
in garlic (Allium sativum) in Spain. Foods 10: 1063. 
https://doi.org/10.3390/foods10051063

Gálvez L, Palmero D., 2022. Fusarium dry rot of garlic 
bulbs caused by Fusarium proliferatum: a review. 
Horticulturae 8: 628. https://doi.org/10.3390/horti-
culturae8070628

Gálvez L., Urbaniak M., Waśkiewicz A., Stępień Ł., Palm-
ero D., 2017. Fusarium proliferatum - Causal agent 
of garlic bulb rot in Spain: Genetic variability and 

https://eng-pathologie-vegetale.paca.hub.inrae.fr/infrastructures/prophyle/experimental-facilities
https://eng-pathologie-vegetale.paca.hub.inrae.fr/infrastructures/prophyle/experimental-facilities
https://doi.org/10.1007/s41348-017-0134-4
https://doi.org/10.1007/s41348-017-0134-4
https://doi.org/10.1016/j.tree.2004.07.021
https://doi.org/10.1016/j.tree.2004.07.021
https://doi.org/10.1111/j.1365-294X.2007.03535.x
http://www.genetix.univ-montp2.fr/genetix/intro.htm
http://www.genetix.univ-montp2.fr/genetix/intro.htm
https://doi.org/10.14601/Phyto-11103
https://doi.org/10.14601/Phyto-11103
https://doi.org/10.1111/ppa.13394
https://doi.org/10.1111/ppa.13394
https://doi.org/10.1007/s13314-022-00484-w
https://doi.org/10.1046/j.1365-3059.2003.00852.x
https://doi.org/10.1046/j.1365-3059.2003.00852.x
https://doi.org/10.1016/j.fgb.2007.05.003
https://www.fao.org/faostat/fr/#data/QCL/visualize
https://www.fao.org/faostat/fr/#data/QCL/visualize
https://doi.org/10.3390/foods10051063
https://doi.org/10.3390/horticulturae8070628
https://doi.org/10.3390/horticulturae8070628


208 Christel Leyronas*, Paul Chrétien, Magali Duffaud, Jean-françois Bourgeay, Claire TrouletChristel Leyronas et alii

mycotoxin production. Food Microbiology 67: 41–48. 
https://doi.org/10.1016/j.fm.2017.05.006

Haapalainen M., Kuivainen E., Iivonen S., Niemi M., Lat-
vala S., 2023. Pathogenicity of Fusarium oxysporum 
and Fusarium proliferatum isolates from symptom-
less onions (Allium cepa) and onions with Fusarium 
basal rot. Plant Pathology 72: 1122–1135. https://doi.
org/10.1111/ppa.13718

Harper J.R., Galea V.J., Gambley C.F., 2025. First report 
of Fusarium proliferatum causing rot in garlic (Alli-
um sativum) in Australia. Australasian Plant Pathol-
ogy 54: 425–426 https://doi.org/10.1007/s13313-025-
01046-1

Horáková M.K., Tancik J., Barta M., 2021. Fusarium pro-
liferatum causing dry rot of stored garlic in Slovakia. 
Journal of Plant Pathology 103: 997–1002. https://
doi.org/10.1007/s42161-021-00883-5

Ignjatov M., Milosević D., Ivanović Ž., Karaman M., 
Vlajić S., … Gvozdanović-Varga J., 2018. Morpho-
logical and pathogenic properties of Fusarium pro-
liferatum isolates: the causal agent of garlic (Allium 
sativum L.) rot in Serbia. Ratarstvo i Povrtarstvo 55: 
125–129. https://doi.org/10.5937/RatPov1803125I

Kwon S.I., von Dohlen C.D., Anderson A.J., 2001. Gene 
sequence analysis of an opportunistic wheat patho-
gen, an isolate of Fusarium proliferatum. Cana-
dian Journal of Botany 79: 1115–1121. https://doi.
org/10.1139/b01-084

Leyronas C., Chrétien P.L., Troulet C., Duffaud M., Ville-
neuve F., … Hunyadi H., 2018. First report of Fusar-
ium proliferatum causing garlic clove rot in France. 
Plant Disease 102: 12. https://doi.org/10.1094/PDIS-
06-18-0962-PDN

Moharam M.H.A., Farrag E.S.H., Mohamed M.D.A., 
2013. Pathogenic fungi in garlic seed cloves and first 
report of Fusarium proliferatum causing cloves rot of 
stored bulbs in upper Egypt. Archives of Phytopathol-
ogy and Plant Protection 46: 2096–2103. https://doi.
org/10.1080/03235408.2013.785122

Moncrief I., Garzon C., Marek S., Stack J., Gamliel A., … 
Fletcher J., 2016. Development of simple sequence 
repeat (SSR) markers for discrimination among iso-
lates of Fusarium proliferatum. Journal of Microbio-
logical Methods 126, 12–17. https://doi.org/10.1016/j.
mimet.2016.03.013

Mondani L., Chiusa G., Pietri A., Battilani P., 2021. Mon-
itoring the incidence of dry rot caused by Fusarium 
proliferatum in garlic at harvest and during storage. 
Postharvest Biology and Technology 173: 111407. htt-
ps://doi.org/10.1016/j.postharvbio.2020.111407

Ochoa Fuentes Y.M., Delgado-Ortiz J.C., Chàvez E.C., 
Hernàndez-Castillo F.D., Olivas A.F., … Rodríguez 

Guerra R., 2013. The first report of Fusarium prolif-
eratum causing garlic bulb rots in Mexico. African 
Journal of Agricultural Research 8: 570–573. https://
doi.org/10.5897/AJAR12.1726

Palmero D., De Cara M., Iglesias C., Moreno M., Gon-
zalez N., Tello J., 2010. First report of Fusarium pro-
liferatum causing rot of garlic bulbs in Spain. Plant 
Disease 94: 277. https://doi.org/10.1094/PDIS-94-2-
0277C

Proctor R.H., Desjardins A.E, Moretti A., 2010. Biological 
and chemical complexity of Fusarium proliferatum. 
In: The Role of Plant Pathology in food Safety and 
Food Security (N.M. Strange, M.L. Gullino, ed.) Birk-
berk College, UK, 97–111

R Core Team, 2013. R: A language and environment for 
statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. URL http://www.R-pro-
ject.org/.

Sankar N.R., Babu G.P., 2012. First report of Fusarium 
proliferatum causing rot of garlic bulbs (Allium sati-
vum) in India. Archives of Phytopathology and Plant 
Protection 1: 8. https://doi.org/10.1094/PDIS-08-11-
0649

Salvalaggio A.E., Ridao A., 2013. First Report of Fusar-
ium proliferatum causing rot on garlic and onion 
in Argentina. Plant Disease 97: 556. https://doi.
org/10.1094/PDIS-05-12-0507-PDN

Stankovic S., Levic J., Petrovic T., Logrieco A., Moretti 
A., 2007. Pathogenicity and mycotoxin production by 
Fusarium proliferatum isolated from onion and garlic 
in Serbia. European Journal of Plant Pathology 118: 
165–172. https://doi.org/10.1007/s10658-007-9126-8

Stępień Ł., Koczyk G., Waśkiewicz A., 2011. Genetic and 
phenotypic variation of Fusarium proliferatum iso-
lates from different host species. Journal of Applied 
Genetics 52: 487–496. https://doi.org/10.1007/
s13353-011-0059-8

Tagyan AI, AlAshaal S, Alkhalifah DHM, Abdelghany 
WR, Hozzein WN, 2025. Estimating the climate 
change-driven global distribution of Fusarium pro-
liferatum and mycotoxin risk assessment under 
future warming scenarios. Frontiers in Forests and 
Global Change 8:1673494. https://doi.org/10.3389/
ffgc.2025.1673494

Tonti S., Prà M.D., Nipoti P., Prodi A., Alberti I., 2012. 
First report of Fusarium proliferatum causing rot 
of stored garlic bulbs (Allium sativum L.) in Italy. 
Journal of Phytopathology 160: 761–763. https://doi.
org/10.1094/PDIS-08-11-0649

Villeneuve F., Erard P., 2012. L’ail. CTIFL Hortipratic.

https://doi.org/10.1016/j.fm.2017.05.006
https://doi.org/10.1111/ppa.13718
https://doi.org/10.1111/ppa.13718
https://doi.org/10.1007/s13313-025-01046-1
https://doi.org/10.1007/s13313-025-01046-1
https://doi.org/10.1007/s42161-021-00883-5
https://doi.org/10.1007/s42161-021-00883-5
https://doi.org/10.5937/RatPov1803125I
https://doi.org/10.1139/b01-084
https://doi.org/10.1139/b01-084
https://doi.org/10.1094/PDIS-06-18-0962-PDN
https://doi.org/10.1094/PDIS-06-18-0962-PDN
https://doi.org/10.1080/03235408.2013.785122
https://doi.org/10.1080/03235408.2013.785122
https://doi.org/10.1016/j.mimet.2016.03.013
https://doi.org/10.1016/j.mimet.2016.03.013
https://doi.org/10.1016/j.postharvbio.2020.111407
https://doi.org/10.1016/j.postharvbio.2020.111407
https://doi.org/10.5897/AJAR12.1726
https://doi.org/10.5897/AJAR12.1726
https://doi.org/10.1094/PDIS-94-2-0277C
https://doi.org/10.1094/PDIS-94-2-0277C
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1094/PDIS-08-11-0649
https://doi.org/10.1094/PDIS-08-11-0649
https://doi.org/10.1094/PDIS-05-12-0507-PDN
https://doi.org/10.1094/PDIS-05-12-0507-PDN
https://doi.org/10.1007/s10658-007-9126-8
https://doi.org/10.1007/s13353-011-0059-8
https://doi.org/10.1007/s13353-011-0059-8
https://doi.org/10.3389/ffgc.2025.1673494
https://doi.org/10.3389/ffgc.2025.1673494
https://doi.org/10.1094/PDIS-08-11-0649
https://doi.org/10.1094/PDIS-08-11-0649


Phytopathologia Mediterranea 65(2): 209-223, 2026

Firenze University Press 
www.fupress.com/pm

Phytopathologia Mediterranea
The international journal of the  

Mediterranean Phytopathological Union

ISSN 0031-9465 (print) | ISSN 1593-2095 (online) | DOI: 10.36253/phyto-17152 

Research Papers

Citation: Bigazzi, F., Carella, G., Mar-
tín, L. & Mugnai, L. (2026). Manganese 
affects grapevine wood degradation 
by Fomitiporia mediterranea: in vitro 
evidence. Phytopathologia Mediter-
ranea 65(2): 209-223. doi: 10.36253/
phyto-17152 

Accepted: June 16, 2026

Published: July 19, 2026

© 2026 Author(s). This is an open access, 
peer-reviewed article published by 
Firenze University Press (https://www.
fupress.com) and distributed, except 
where otherwise noted, under the 
terms of the CC BY 4.0 License for 
content and CC0 1.0 Universal for 
metadata.

Data Availability Statement: All rel-
evant data are within the paper and its 
Supporting Information files.

Competing Interests: The Author(s) 
declare(s) no conflict of interest.

Editor: Luisa Ghelardini, University of 
Florence, Italy.

ORCID:
FB: 0009-0003-1296-1204
GC: 0000-0002-0297-0428
LMB: 0000-0002-2576-642X
LM: 0000-0002-2508-9764

Manganese affects grapevine wood degradation 
by Fomitiporia mediterranea: in vitro evidence

Francesco BIGAZZI1,*, Giuseppe CARELLA1, Laura MARTÍN2, Laura 
MUGNAI1

1 Department of Agricultural, Food, Environmental and Forestry Science and Technology 
(DAGRI), Plant pathology and Entomology section, P. le delle Cascine 28, 50142 Firenze, 
Italy
2 Área de Protección Vegetal. Instituto de Investigaciones Agrarias Finca La Orden 
(CICYTEX), Junta de Extremadura, Guadajira, 06187, Badajoz, Spain
*Corresponding author. E-mail: francesco.bigazzi1@unifi.it

Summary. Grapevine trunk diseases (GTDs) are severe constraints affecting Vitis vin-
ifera (grapevine) cultivation, causing vine decline, yield losses, and major economic 
impacts. Within the Esca disease complex, the white-rot basidiomycete Fomitiporia 
mediterranea is frequently associated with wood degradation. Despite its recognized 
involvement in disease development, the influence of abiotic factors on the wood-
degrading activity of this pathogen has not been studied. Effects of manganese (Mn²⁺) 
availability on F. mediterranea growth, biomass production, wood degradation, and 
manganese peroxidase (MnP) activity of this fungus were assessed under controlled 
laboratory conditions, using increasing manganese concentrations and young (3-year-
old) and old (25-year-old) wood from V. vinifera ‘Cabernet Sauvignon’. Manganese 
availability had a concentration-dependent effects on F. mediterranea. Intermediate 
Mn²⁺ concentrations, particularly 80 µM, promoted colony growth, biomass accumula-
tion, and wood mass loss, whereas greater concentrations (320 µM) reduced growth 
and wood degradation. Qualitative observations showed formation of dark pigmented 
zones in wood, which became progressively more pronounced as Mn concentrations 
increased. MnP activities were greatest at intermediate Mn²⁺ levels, and declined at the 
greatest concentration, a trend consistent with F. mediterranea growth and wood deg-
radation patterns. These results indicate that Mn²⁺ availability can modulate F. mediter-
ranea degradative activity and may influence enzymatic processes involved in grape-
vine wood decay. Future studies should assess micronutrient bioavailability as an abi-
otic factor for reducing progression of the Esca complex in grapevines.

Keywords. Esca complex, wood decay, white-rot basidiomycete, micronutrients.

INTRODUCTION

The Esca complex of diseases (ECDs) causing grapevine trunk diseases 
(GTDs) is widespread and economically damaging. This complex includes 
different diseases in different vine life stages, including: Brown wood streak-
ing, Petri Disease, Grapevine Leaf Stripe disease (GLSD). The term Esca 
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applies wood white rot of grapevines. This disease has 
slow progression, and is difficult to manage, and has 
impacts on vineyard longevity, causes substantial grape 
yield losses, causes death of vines, as well as major eco-
nomic repercussions across wine-producing regions, 
especially in Europe (Gramaje et al., 2018; Guerin-
Dubrana et al., 2019).

The wood diseases in ECD are associated with a 
range of symptoms, and with several pathogenic fungi. 
The most frequently cited of these include two vascular 
ascomycetes, Phaeomoniella chlamydospora and Phaeo-
acremonium minimum (Gramaje et al., 2015), and as the 
white-rot basidiomycete Fomitiporia mediterranea (Fis-
cher et al., 2002). Fomitiporia mediterranea is one of the 
most frequently isolated pathogens associated with Esca 
(wood rot), and with GLSD, i.e. disease causing typical 
tiger stripe foliar symptoms and with unique epidemiol-
ogy (Mugnai et al., 1999; Del Frari et al., 2019; Bruez et 
al., 2020). Recent studies on grapevine wood microbiome 
have indirectly confirmed the central role of F. mediter-
ranea within wood decay and leaf stripe disease (Bruez 
et al., 2021; Pacetti et al., 2021).

Ecologically, F. mediterranea is a highly adaptable 
species, with a broad host range and distribution across 
diverse regions and climatic conditions (Moretti et al., 
2021). Across its geographical range, F. mediterranea is 
strongly associated with V. vinifera. However, this asso-
ciation may partly reflect the economic importance of 
grapevine cultivation, which has led to increasingly 
detailed study of this pathogen compared to associations 
other hosts (Moretti et al., 2021). Presence of the patho-
gen is detected at host plant necrosis margins, between 
white-rot and non-necrotic tissues, as well as in adjacent 
non-necrotic but recently colonized wood (Fischer, 2002; 
Péros et al., 2008; Surico, 2009; Bruez et al., 2017; Elena 
et al., 2018; Bruez et al., 2021; Pacetti et al., 2021). Due 
to the extended periods required for wood colonization 
and degradation, F. mediterranea has been primarily 
detected in grapevines older than 8 to 10 years, while 
it is only occasionally found in vines younger than this 
(Sánchez-Torres et al., 2008; Mugnai et al., 2010). In vivo 
pathogenicity studies on wood-decaying basidiomycetes 
in grapevines remain scarce (Chiarappa, 1997; Sparapa-
no et al., 2000a, 2000b).

Several studies have demonstrated that F. medi-
terranea produces high levels of manganese peroxi-
dase (MnP). Based on a genomic study, MnPs were 
the only class II peroxidases present in the F. mediter-
ranea secretome (Floudas et al., 2012). Furthermore, 
and compared with other white-rot fungi, including the 
model species Trametes versicolor, F. mediterranea pro-
duces large amounts of MnPs (Schilling et al., 2023). 

In mycelium exposed to wood substrates, increased 
basal expression of MnP genes has been related to lac-
case genes (Pacetti et al., 2022). Enzyme secretion is 
also substrate-dependent, with preference for grape-
vine wood, where F. mediterranea has increased MnP 
and laccase secretion, enhanced wood degradation, 
and increasingly efficient detoxification of grapevine 
extractives compared with beech extracts (Schilling et 
al., 2022; Schilling et al., 2023). These results highlight 
specific traits of F. mediterranea during grapevine wood 
colonization compared with other woody substrates and 
white-rot fungi.

The catalytic mechanism of MnP shares several fea-
tures with other heme-containing peroxidases, including 
lignin peroxidase and horseradish peroxidase (Dunford, 
1991; Wariishi et al., 1991; Kirk and Cullen, 1998). Like 
other class II peroxidases, MnP operates through for-
mation of the reactive intermediates Compound I and 
Compound II (Wariishi et al., 1988; Kishi et al., 1994). 
However, MnP has a distinctive functional characteris-
tic: it preferentially utilizes Mn²⁺ as its electron donor. 
Although Compound I can also be reduced by alterna-
tive substrates, Compound II shows a strong depend-
ency on Mn²⁺, while reduction by other electron donors 
occurs only at low rates (Wariishi et al., 1988; Brown et 
al., 1990). Consequently, manganese availability is a key 
factor regulating MnP functionality and catalytic effi-
ciency.

Beyond F. mediterranea, numerous studies on oth-
er white-rot fungi have shown that manganese avail-
ability plays a central role in enhancing ligninolytic 
performance and wood substrate degradation. The 
supplementation of fungal cultures with manganese 
has been reported to increase lignin depolymerization 
and the enzymatic hydrolysis of lignocellulosic materi-
als, indicating that manganese acts as a cofactor and as 
an inducer of MnP expression and activity (Fu et al., 
2021). Investigations into the regulation of ligninolytic 
enzymes in white-rot fungi have also shown that man-
ganese presence can upregulate MnP production, further 
strengthening the link between manganese availabil-
ity and fungal lignin-degrading capacity (Scheel et al., 
2000). Ecological studies have provided additional evi-
dence supporting the influence of manganese on wood 
component degradation. Berg et al. (2007) reported a 
linear relationship between manganese concentration in 
foliar litter and annual mass loss during the late stages 
of decomposition, highlighting the broader role of man-
ganese in lignocellulose decay processes. Experimental 
studies have also shown that manganese supplementa-
tion enhances MnP production in the white-rot fungus 
Pleurotus ostreatus, a well-known wood decay agent, 
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further confirming the stimulatory effect of manganese 
on MnP-mediated degradation pathways (Slavens et al., 
2019). Additional evidence comes from studies on other 
wood-rotting fungi. Investigations of decayed wood have 
shown that black spots or black zones, which are close-
ly associated with advanced wood degradation, contain 
high concentrations of manganese compared with adja-
cent decayed tissues. In contrast, surrounding healthy 
wood lacked significant manganese accumulation. The 
oxidized manganese buildup was detected exclusively 
in black zones within delignified wood, indicating close 
association between manganese accumulation and lignin 
degradation processes (Blanchette, 1984).

Taken together, these observations support the 
overarching hypothesis that manganese bioavailability 
modulates the wood-degrading performance of white-rot 
fungi. Consequently, the primary objective of this study 
was to determine whether a similar manganese-driven 
stimulatory effect occurs in the Esca-associated patho-
gen F. mediterranea. Investigating this relationship could 
help to clarify the involvement of other potential abiot-
ic factors involved in the expression of the GLSD foliar 
symptom.

A long-standing hypothesis in Esca pathogenesis 
suggests that host plant foliar symptoms are triggered by 
toxic fungal byproducts or phytotoxic metabolites trans-
located from decayed trunk wood to grapevine cano-
pies (Mugnai et al., 1999). Previous studies have shown 
that plant nutritional status influences foliar symptom 
expression (Calzarano et al., 2009; Calzarano et al., 
2023; Dell’Acqua et al., 2025). Manganese is of particular 
interest due to its dual role in plant nutrition and fungal 
ligninolytic metabolism. Among the abiotic factors influ-
encing disease expression, water availability has been 
consistently identified as the main key driver, with rain-
fall patterns positively correlated with the manifestation 
of foliar symptoms (Surico et al., 2000; Calzarano et al., 
2018). This relationship is particularly relevant because 
soil manganese availability and plant uptake are strong-
ly influenced by rainfall and soil moisture dynamics 
(Radaelli and Calamai, 2001; Marschner, 2011). Togeth-
er, these observations suggest a potential mechanistic 
link between environmental conditions, nutrient avail-
ability, and fungal activity in wood tissues. Therefore, 
the primary hypothesis of the present study was that 
increased manganese bioavailability enhances the degra-
dative and metabolic activity of F. mediterranea, which 
could contribute to processes potentially linked to foliar 
symptom expression.

To test this hypothesis, the present in vitro study 
aimed to determine whether manganese bioavailabil-
ity levels stimulate fungal growth, ligninolytic activity, 

and wood degradation, and to assess whether host tis-
sue age modulates these responses. Whether increased 
degradative capacity under elevated manganese condi-
tions correlates with enhanced MnP production was also 
assessed. This characterization would establish the nec-
essary baseline for future in vivo and field-based stud-
ies that aim to link wood-decay severity with grapevine 
canopy symptom manifestation.

MATERIALS AND METHODS

Fungus isolate identification and culture conditions

One isolate of Fomitiporia mediterranea (Fmed It 17) 
was used in all experiments. This isolate was obtained 
from symptomatic Vitis vinifera wood collected in the 
municipality of Gambassi Terme (Tuscany, Italy). The 
isolate was first identified based on morphological char-
acteristics and subsequently confirmed through molecu-
lar analyses. DNA extraction, PCR amplification, and 
sequencing were carried out the University of Florence 
internal sequencing service CIBIACI (www.cibiaci.unifi.
it). DNA was extracted following the 2× cetyltrimethyl-
ammonium bromide (CTAB) protocol (Doyle and Doyle, 
1990), using 10–15 mg of lyophilized material. The prim-
er pair ITS1 (5ʹ-TCCGTAGGTGAACCTGCGG-3ʹ) and 
ITS4 (5ʹ-TCCTCCGCTTATTGATATGC-3ʹ) was used for 
amplification of the ITS region (White et al., 1990), while 
the primer pair LR0R (5ʹ-GTACCCGCTGAACTTAAGC-
3ʹ) and LR7 (5ʹ-TACTACCACCAAGATCT-3ʹ) was used 
to amplify the LSU region (Rehner and Samuels, 1994). 
PCRs were carried out in 25 µL reaction volumes using 
0.4 µM of each primer, 1.5 mM MgCl2, 1× colourless reac-
tion buffer, 0.5 mM dNTPs, and 1 unit of GoTaq® G2 DNA 
Polymerase (Promega Corporation). The PCR cycling pro-
tocol was carried out on a Bio-Rad thermal cycler under 
the following conditions: DNA denaturation, 1 min at 94 
°C, primer annealing, 1 min at 55 °C; primer extension, 
2 min at 72 °C. Negative control reactions omitting DNA 
were included in all amplification sets to monitor potential 
contamination by exogenous DNA. Subsequently, the PCR 
products were visualized on a 1% agarose gel stained with 
ethidium bromide, using a Gel Doc Bio-Rad system; a 1 
kb Plus DNA Ladder (Thermo Fisher Scientific) was used 
as the molecular weight marker for bp dimensions. Ampli-
cons were then purified by NucleoFast 96 PCR Plate clean-
up system (Macherey-Nagel), and were sequenced with 
forward and reverse primers on an ABI 3130XL genet-
ic analyser (Applied Biosystems). The newly generated 
sequences were then read and edited using Chromas v.1.45 
software, and consensus sequences were compared using 
the Basic Local Alignment Search Tool (BLASTn) reveal-

http://www.cibiaci.unifi.it
http://www.cibiaci.unifi.it
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ing up to 99% sequence similarity with reference sequenc-
es. Sequences from isolate Fmed It 17 used in this study 
were deposited in the GenBank database under accession 
numbers PZ489312 for the LSU region and PZ493570 for 
the ITS region.

The fungal mycelium was stored at –80 °C until 
used. Before each experiment, the isolate was reactivated 
by subculturing on potato dextrose agar (PDA; 18 g L⁻¹) 
plates and incubating for 2 weeks at 26 °C in the dark. 
All assays were carried out using 0.5 cm² mycelium plugs 
as inoculum and incubated at 26 °C in complete dark-
ness under constant laboratory humidity conditions.

Experimental design 

The research was divided into two main experimen-
tal sections:
–	 Part I assessed the effect of manganese on F. medi-

terranea growth, biomass production, and wood 
degradation, comparing young (3-year-old) and old 
(25-year-old) vine wood from Vitis vinifera ‘Caber-
net Sauvignon’. The objective was to determine the 
manganese (Mn²⁺) concentration at which the fun-
gus exhibited growth responses, and whether wood 
age influenced fungal growth. 

–	 Part II focused only on old grapevine wood, as this 
is the natural host typically infected under vine-
yard conditions, and also showed the most consist-
ent degradation patterns in Part I. Wood degrada-
tion and mycelium colonization were evaluated 
using Vitis vinifera wood discs. The fungus was also 
grown in submerged culture to determine whether 
enhanced degradation correlated with increased 
MnP production.
All experiments were carried out using three biologi-

cal replicates, each comprising three technical replicates.

Part I: Fungal growth rate, mycelium biomass production, 
and wood degradation assays

This first part of the study aimed to assess effects of 
manganese on fungal growth, biomass production, and 
wood degradation, comparing young (3-year-old) and 
old (25-year-old) vine wood from Vitis vinifera ‘Cabernet 
Sauvignon’.

Preparation of wood substrates

Fungal growth assays. Different wood-based sub-
strates were prepared. For the mycelium growth rate 
assays, grapevine sawdust was used in a low-nutrient 

substrate consisting of PDA at 3 g L⁻¹. Two types of Vitis 
vinifera ‘Cabernet Sauvignon’ wood were included:
–	 Young wood: shoots collected from 3-year-old nurs-

ery plants
–	 Old wood: trunk wood obtained from a 25-year-old 

vineyard in Bolgheri, Italy
Wood material was cut, mechanically ground to 

sawdust, and sieved through a 0.2 mm mesh to obtain 
a uniform particle size. For each plate, 0.5 g of dry saw-
dust was added to 20 mL of PDA (3 g L⁻¹).

Mycelium biomass assays. The same sawdust used 
for the growth assays (above) was used. Petri plates each 
contained 20 mL of water agar supplemented with 2 g 
of dry sawdust. A sterile cellophane film was placed on 
the agar surface to facilitate clean removal of the fungal 
mycelium at the end of the incubation period.

Wood degradation assays. Intact wood splints were 
prepared from the young and old grapevine material. 
Splints were cut to approx. 5 cm in length and 0.3 cm in 
diam., then dried at 105 °C for 48 h to obtain constant 
dry weight of 0.25 g per splint. The splints were then 
placed on water agar plates amended with the respective 
Mn²⁺ treatments.

Manganese treatments

Mn²⁺ (as MnSO₄) was added to the substrates 
according to the different experimental treatments (Fig-
ure 1). For the F. mediterranea growth assays, the fun-
gus was grown on a low-nutrient sawdust agar medium 
(PDA 3 g L⁻¹) formulated to reduce the influence of read-
ily available nutrients from the culture medium, to pro-
mote fungal utilization of the lignocellulosic substrate. 
The experimental design included a no-sawdust control, 
a 0 µM Mn²⁺ control, and Mn-amended treatments at 
80, 160, or 320 µM.

For the mycelial biomass assays conducted on water 
agar supplemented with sawdust, the treatments consist-
ed of a 0 µM Mn²⁺ control, and Mn²⁺ concentrations of 
80, 160, or 320 µM, along with an additional control of 
water agar without sawdust supplement.

For the wood degradation assays, intact wood splints 
were exposed to Mn²⁺ concentrations of 0, 80, 160, or 
320 µM, together with a control condition in which 
wood was incubated without fungal inoculation. All 
treatments were conducted in triplicate.

Application protocols

Fungal growth assays. A mycelium plus agar plug 
(6 mm diam.) from a F. mediterranea PDA culture was 



213Manganese affects Fomitipora mediterranea grapevine wood degradation

placed at the centre of each Petri dish with sawdust pre-
pared as described above. Plates were then incubated 
at 26 °C in complete darkness for 18 d. Digital images 
of resulting colonies were captured every 3 d, and each 
colony area was measured using ImageJ. Colony growth 
rates were expressed as the increase in colony area over 
time (mm² d⁻¹).

Mycelium biomass assays. A mycelium plus agar plug 
(6 mm diam.) from a F. mediterranea PDA culture was 
placed at the centre of each Petri dish on the cellophane 
film, prepared as described above. Plates were then incu-
bated for 1 month at 26 °C in the dark. Mycelium grow-
ing on the cellophane film was carefully scraped off, 
dried at 65 °C to constant weight, and weighed, to deter-
mine fungal dry biomass.

Wood degradation assays. A mycelium plug (6 mm 
diam.) from a F. mediterranea PDA culture was placed in 
contact with each wood splint on the agar surface. Wood 
splints were incubated for 1 month at 26 °C in the dark. 
After incubation, the splints were re-dried at 105 °C to 
constant weight. Wood degradation was quantified as 
mass loss, calculated as:

Wood mass loss (%) = [(W₀ − Wt) / W₀] × 100

where W₀ is the initial dry weight of the wood samples, 
and Wt is the dry weight after incubation.

Part II – Experiments on vine wood disks and manganese 
peroxidase production

This part of the study focused on old grapevine 
wood, as this represents the natural host typically infect-
ed under vineyard conditions, and showed the most con-
sistent degradation patterns in Part I of this study. Wood 
degradation and mycelial colonization were evaluated 
using Vitis vinifera ‘Cabernet Sauvignon’ wood.

Wood disc degradation assay

Wood discs (approx. 3 cm diam., 0.5 mm thick) were 
obtained from the same 25-year-old Vitis vinifera stems. 
Five wood discs were placed in each large Petri dish (145 
mm diam.), with three biological replicate plates per 
treatment. Total dry weight of the wood per treatment 
was standardized to approx. 16.5 g by selecting discs 
of equal total weight for each replicate. Water agar was 
used as the growth substrate. Mn²⁺ treatments assessed 
were 0, 80, 160, or 320 µM, together with a control treat-
ment of wood incubated without fungal inoculation. The 
Petri dishes were incubated at 26 °C in complete dark-
ness for 2 months. After incubation, the wood discs were 
dried and weighed to determine mass losses, following 
the procedures described above.

Figure 1. Experimental design.
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Enzymatic MnP assay 

Liquid cultures of F. mediterranea were incubated 
for 21 d at 26 °C with orbital shaking (180 rpm) in 250-
mL Erlenmeyer flasks each containing 100 mL of salt 
medium containing MnSO₄ at 0, 80,160 or 320 μM, as 
well as other salts (Rüttimann et al., 1992). The medium 
in each flask was supplemented with 3.5 g of Vitis vin-
ifera ‘Cabernet Sauvignon’ sawdust, and was inoculated 
with three 0.5 cm diam. plugs taken from a 3-week-old 
PDA culture, together with a control condition in which 
wood was incubated without fungal inoculation. Three 
technical replicates of 10 mL from each of the three bio-
logical replicates were collected and processed through 
a four-step filtration procedure: first through a 50 μm 
Nilex sheet, followed by 1.0, 0.45, and 0.2 μm regener-
ated cellulose membrane filters. Fungal dry biomass was 
determined by drying the collected mycelium for at least 
48 h at 103 ± 1 °C. The protein contents of the filtrates 
were determined spectrophotometrically, using a Nan-
oDrop (BioSpec-nano, Shimadzu, Kyoto, Japan), assum-
ing that absorbance of 1 OD corresponded to 1 mg mL-1 
protein (Pacetti et al., 2022). The secretome was then 
diluted to a final protein concentration of 0.2 mg mL-1 
for enzymatic assays.

The secretomes obtained from liquid cultures were 
used to assess their MnP activities, using the method 
of Mathieu et al. (2013). MnP activity was determined 
based on oxidative coupling between 3-methyl-2-
benzothiazolinonehydrazone hydrochloride (MBTH) and 
p-dimethylaminobenzaldehyde (DMAB), catalyzed by 
peroxidases (PODs) in the presence of H₂O₂, and form-
ing a purple indamine complex with an extinction coeffi-
cient of ε₅₉₀ = 32,000 M⁻¹ cm⁻¹. Assays were carried out at 
28 °C in 96-well microplates and using a Tristar two plate 
reader (Berthold Technologies GmbH & Co.). Each reac-
tion mixture (200 μL total volume) consisted of 140 μL 
of reagent solution, 50 μL of liquid culture secretome (0.2 
mg mL⁻¹), and 10 μL of 1 mM H₂O₂ to initiate the reac-
tion. The reagent solution contained 50 mM DMAB and 
1 mM MBTH in a sodium lactate/sodium succinate buff-
er (100 mM; pH 4.5), supplemented with either 1 mM 
MnSO₄ (Solution A, to measure manganese-dependent 
activity) or 2 mM EDTA (Solution B, to measure manga-
nese-independent activity). Specific MnP activity was cal-
culated by subtracting the enzyme activity measured in 
Solution B from that measured in Solution A. Two types 
of controls were included using, respectively, heat-inacti-
vated samples and H₂O₂-free mixtures. Volumetric activi-
ties (U L⁻¹) measured during the assays were converted 
to specific enzyme activity expressed as U mg⁻¹ protein, 
by dividing the values by the protein concentration of the 

secretome, where 1 U corresponds to 1 μ mol of substrate 
oxidized per min.

Statistical analyses

All statistical analyses were carried out using IBM 
SPSS Statistics software (version 29). For the fungal 
growth assays and manganese peroxidase activity experi-
ments, three biological replicates were used, each con-
sisting of three technical replicates. Before statistical 
analyses, normality and homogeneity of variances were 
assessed, respectively, using Shapiro-Wilk tests (P > 0.05) 
and Levene’s tests (P > 0.05). Variables meeting these 
assumptions were analysed using a General Linear Mod-
el (GLM) approach.

Data of fungus colony areas (mm²), manganese 
peroxidase activity (U mg⁻¹), and wood discs mass loss 
(%), were analysed using one-way analyses of variance 
(one-way ANOVA) with Type III sums of squares, con-
sidering treatment as a fixed factor. Mean comparisons 
were made using Tukey’s honestly significant difference 
(HSD) post hoc test at P < 0.05.

Data of wood biomass losses, fungal biomass pro-
duction, and colony areas were additionally analysed 
using two-way factorial ANOVA within a univariate 
General Linear Model (Univariate GLM) framework, 
with Type III sums of squares. In these analyses, Mn 
concentrations added to culture medium (0, 80, 160, or 
320 µM) and wood age (young wood, old wood) were 
considered as fixed factors. The interaction between 
Mn concentration and wood age was also included in 
the model to evaluate potential combined effects on the 
experimental variables. Mean comparisons were carried 
out using Tukey’s HSD post hoc test at P < 0.05, and sta-
tistical significance was set at P ≤ 0.05.

RESULTS

Part I: effect of Mn2+ on growth rate, biomass production, 
and wood degradation assays

Fungus growth rate

The no-sawdust control treatment (not shown in 
Figure 2), where F. mediterranea was inoculated onto 
water agar, no growth of the fungus was observed.

One-way ANOVA was first carried out to evaluate 
differences among individual treatments within each 
substrate (Figure 2). The growth area of F. mediterranea 
colonies was evaluated after 18 d of incubation. Fun-
gal growth on PDA, without sawdust supplementation, 
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was consistently less than in the corresponding sawdust-
amended treatments, indicating that, in addition to the 
limited nutrients provided by PDA, the fungus was able 
to utilize sawdust as a nutrient source. For the young 
wood substrate, the 80 µM Mn²⁺ treatment resulted in 
the greatest mean colony area, which differed (P ≤ 0.05) 
from the other Mn²⁺ concentrations within the young 
wood treatments, and from all the other treatments. Sim-
ilarly, in the old wood substrate, the 80 µM Mn²⁺ treat-
ment also gave the greatest mean colony area, which dif-
fered (P ≤ 0.05) from the corresponding 0 µM Mn²⁺ con-
trol. Therefore, in the young and old wood substrates, the 
80 µM Mn²⁺ treatment gave greater fungal growth com-
pared to the respective controls. In contrast, excessively 
high manganese concentrations (320 µM) inhibited fun-
gus growth, with the 320 µM Mn²⁺ treatment giving the 
lowest growth values in young and old wood substrates.

Since the independent effects of substrate type 
(young wood, old wood, and no sawdust) and manganese 
concentration on the dependent variable fungal growth 
area were statistically significant, a two-way ANOVA was 
subsequently carried out to assess whether an interaction 
between these two factors also affected fungus growth. 
A two-way ANOVA showed a main effect (P < 0.001) 
on fungus growth area for substrate type and manga-
nese concentration. A significant interaction (P < 0.001) 

between substrate type and manganese concentration 
was also detected, indicating that the effect of manganese 
on fungal growth varied depending on the substrate.

Fungus biomass production and wood degradation

Table 1 shows effects of Mn2+ treatments on fungus 
biomass production and wood degradation. The nega-
tive controls (not shown in the table), consisting of F. 
mediterranea grown on water agar without sawdust or 
wood sticks, and incubated without fungus inoculation, 
did not show detectable fungus growth or wood degra-
dation. Two-way ANOVA showed that no statistically 
significant differences were detected between old and 
young wood at any of the manganese concentrations, 
either for fungus biomass production (P = 0.822) or 
wood mass loss (P = 0.367), showing that biomass pro-
duction and wood degradation were similar for the two 
wood types (Table 1).

The highest amounts of fungus biomass and wood 
mass loss were from the 80 µM manganese treatment. 
Fungus biomass at 80 µM was greater than from all oth-
er treatments, regardless of wood type. Wood mass loss 
was also greatest at 80 µM, although no differences (P 
> 0.05) were detected between the 80 and 160 µM treat-
ments. At 320 µM manganese, fungal biomass produc-

Figure 2. Mean fungal growth area (mm²) of Fomitiporia mediterranea after 18 d incubation on young and old Vitis vinifera sawdust in 
PDA (3 g L-1) at different manganese concentrations. Box plots show median values, interquartile ranges, and minimum and maximum 
values. Different letters accompanying means indicate differences (P ≤ 0.05) among treatments according to Tukey’s honestly significant dif-
ference (HSD) tests.
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tion and wood degradation were low, and were not dif-
ferent (P > 0.05) from the 0 µM treatment.

Qualitative observations of the F. mediterranea colo-
nies detected visible differences among treatments (Fig-
ure 3). Compared to the experimental controls without 
manganese, increased release of dark brown/orange pig-
mentation was observed with the increasing manganese 
concentration treatments.

Part II: Effects of Mn²⁺ on grapevine wood discs and man-
ganese peroxidase production

Effects of Mn2+ on wood disc degradation

The biomass loss experiment was repeated using old 
wood and cross-section discs obtained from grapevine 

branches (Figure 4). Old wood was selected because it is 
the grapevine tissue preferentially colonized by F. medi-
terranea under natural conditions. In this second experi-
ment, the initial wood mass was increased to determine 
whether the differences observed in the first part of the 
study could be repeated under conditions of greater sub-
strate availability.

The non-inoculated control treatment did not result 
in detectable changes in wood dry biomass at the end of 
the experiment. The results (Figure 5) showed the same 
overall trend observed in Part I for the old wood sub-
strate. At 80 µM and 160 µM manganese concentrations, 
biomass loss was greater (P ≤ 0.05) than in the 0 µM 
manganese control treatment, whereas at 320 µM manga-
nese, biomass loss was comparable to that of the control.

Across treatments, highest degradative activity was 
consistently observed at 80 µM manganese, although no 
differences (P > 0.05) were detected between the 80 and 
160 µM Mn2+ treatments, further supporting the effect 
of intermediate manganese concentrations in enhancing 
fungal degradative activity.

Effects of Mn2+ on production of manganese peroxidase

In the negative experimental control (not shown Fig-
ure 6, below), consisting of the liquid substrate without 

Table 1. Mean Fomitiporia mediterranea biomass production (g) and wood stick dry mass loss (%) for young and old wood at different 
manganese concentrations. Data are means ± standard deviations. Means in each column accompanied by different letters differ (P ≤ 0.05) 
among manganese concentrations, as shown by Tukey’s honestly significant difference (HSD) tests.

Mn²⁺ µM
Mean fungus biomass (g) Mean wood mass loss (%)

Old Young Old Young

0 0.349 ± 0.034 c 0.312 ± 0.091 c 17.026 ± 3.447 b 17.173 ± 1.936 b
80 0.772 ± 0.054 a 0.758 ± 0.086 a 33.373 ± 2.341 a 29.360 ± 2.865 a
160 0.581 ± 0.060 b 0.619 ± 0.095 b 30.226 ± 2.294 a 27.772 ± 4.233 a
320 0.241 ± 0.033 c 0.228 ± 0.040 c 14.533 ± 2.610 b 16.666 ± 1.368 b

Figure 3. Fomitiporia mediterranea colonies on Vitis vinifera wood 
sticks, after 18 d incubation, on agar containing different manga-
nese concentrations.

Figure 4. Growth of Fomitiporia mediterranea on grapevine wood 
discs (0 µM Mn2+ (left) or 80 µM (right).
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fungus inoculation, no manganese peroxidase activity 
was detected. At 80 µM and 160 µM manganese concen-
trations, however, peroxidase activity was greater than 
from the control treatment without manganese. Great-
est MnP activity was detected at 80 µM Mn²⁺, as mean 
specific activity of 4.19 ± 0.284 U mg⁻¹ (mean ± SD), fol-
lowed by the 160 µM treatment, which gave mean activi-
ty of 3.855 ± 0.289 U mg⁻¹. Both of these treatments were 
different from the 0 µM and 320 µM manganese treat-
ments. The lowest MnP activities were recorded from 
the 0 µM control treatment (0.791 ± 0.218 U mg⁻¹), or 
from 320 µM Mn²⁺ (1.412 ± 1.561 U mg⁻¹).

DISCUSSION

The Part I results from this study highlight the con-
centration-dependent role of Mn²⁺ in modulating growth, 
biomass production, and wood-degrading ability of F. 
mediterranea. Manganese at intermediate concentrations 
was stimulatory, but inhibitory to the fungus at high con-
centration, confirming its dual role as an essential micro-
nutrient and a potential toxic element for fungal metabo-
lism, particularly in fungi causing white rot (Gadd, 1994; 
Baldrian, 2003). Manganese-enriched substrates have 
been shown to enhance manganese peroxidase produc-
tion and wood-degrading activity in other white rot fun-

gi, including Ceriporiopsis subvermispora, where Mn²⁺ 
availability directly stimulated ligninolytic enzyme sys-
tems and decay efficiency (Benavides et al., 2024). These 
results support the hypothesis that Mn²⁺ plays a key reg-
ulatory role in oxidative wood decay processes activated 
by the white rot pathogen F. mediterranea.

The Mn²⁺ concentrations used in the present study 
were selected to match experimentally relevant rang-
es previously reported in white rot pathogen systems. 
Mancilla et al. (2010) investigated a comparable gradi-
ent of Mn²⁺ concentrations, and identified an interme-
diate range as optimal for MnP induction, providing a 
methodological and biological basis for the concentra-
tions adopted here. Among the manganese treatments 
applied, the 80 µM concentration promoted the greatest 
F. mediterranea growth rates and biomass production, 
indicating an optimal Mn²⁺ availability for metabolism 
and enzyme activation in this pathogen. The increased 
growth observed on young host wood could be related to 
differences in wood structure and chemical composition, 
including low lignin recalcitrance and high accessibility 
of carbohydrates (Blanchette, 1991).

Unlike mycelial radial growth, F. mediterranea bio-
mass accumulation did not differ between young and 
old wood, indicating that manganese availability played 
a more dominant role than wood age, although wood 
age strongly influences characteristics, such as increased 

Figure 5. Mean weight losses for old Vitis vinifera wood discs in Fomitiporia mediterranea cultures at different manganese concentrations. 
The box plots show median values, interquartile ranges, and minimum and maximum values. Means accompanied by different letters are 
different (P ≤ 0.05) according to Tukey’s honestly significant difference (HSD) tests.
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lignin content and structural complexity (Fengel and 
Wegener, 1984; Blanchette, 1991), and regulates myce-
lium production. Despite the lack of statistical signifi-
cance, biomass production tended to be greater in old 
than in young wood. This is consistent with field obser-
vations, where grapevine trunk diseases primarily affect 
old grapevines. The observed stimulatory effect of man-
ganese on fungus growth and biomass accumulation was 
similar to effects reported in previous research, where 
Mn²⁺ played a key role in support of oxidative metabo-
lism and ligninolytic enzyme systems in white rot fungi, 
and promoted mycelium development (Hatakka, 1994; 
Hofrichter, 2002).

The wood degradation assays further indicated the 
stimulatory role of manganese at intermediate concen-
trations. At 80 µM and 160 µM Mn²⁺, wood mass losses 
were greater than in the control treatment (no added 
manganese), confirming that manganese enhanced F. 
mediterranea degradative capacity. The absence of statisti-
cally significant differences between these two concentra-
tions indicates a saturation effect, similar to that report-
ed elsewhere. This indicates that manganese-dependent 
enzymes, such as MnP, reach maximum activity within 
limited Mn²⁺ concentration ranges (Hatakka, 1994).

At the greatest manganese concentration tested (320 
µM), both growth rate and biomass production of F. 

mediterranea were reduced compared to the manganese-
free control, indicating toxic effects. Excess Mn²⁺ has 
been shown to overwhelm fungal homeostatic mecha-
nisms, causing ion imbalance, oxidative stress, and inter-
ference with essential cellular processes, as has been 
demonstrated in Saccharomyces cerevisiae and suggested 
for filamentous fungi (Yang et al., 2005; Robinson et al., 
2021). This inhibitory threshold may also have ecologi-
cal relevance for ECDs. Blanchette et al. (1984) reported 
localized Mn²⁺ accumulation within black zone lines 
that separate decayed from apparently healthy host wood 
tissues. The inhibitory effects observed at high Mn²⁺ 
concentrations in the present study indicate that local-
ized Mn²⁺ accumulation could influence fungal activity 
within these transition zones. However, this interpreta-
tion requires direct in planta validation.

Qualitative observations also showed increasing 
release of dark brown/orange pigmentation in grape-
vine wood with increasing Mn²⁺ concentrations. Based 
on microscope observations and on the occurrence of 
Mn-rich dark zone lines previously described in decayed 
wood tissues (Blanchette et al., 1984), it is likely that this 
pigmentation is associated with manganese oxide com-
pounds generated through fungal-mediated Mn²⁺ oxida-
tion. Similar phenomena have been described in white 
rot fungi, and are often linked to manganese peroxidase 

Figure 6. Mean manganese peroxidase activity in submerged Fomitiporia mediterranea cultures at different manganese concentrations and 
enriched with old Vitis vinifera sawdust. The box plots show median values, interquartile ranges, and minimum and maximum values. Dif-
ferent letters indicate differences (P ≤ 0.05) among treatments according to Tukey’s honestly significant difference (HSD) tests.
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activity, which oxidizes Mn²⁺ into the highly reactive 
Mn³⁺ involved in ligninolytic processes (Li et al., 2022). 
However, further chemical and spectroscopic analyses 
are required to confirm the precise nature of these com-
pounds.

The second part of the present study was designed 
to further investigate the role of Mn²⁺ in grapevine wood 
degradation, and to assess the possible link between 
biomass loss and manganese peroxidase activity, using 
experimental conditions that resemble those encoun-
tered by F. mediterranea during wood colonization in 
grapevine tissues. Consistent with the results obtained in 
Part I, manganese supplementation enhanced wood deg-
radation at intermediate concentrations of 80 µM and 
160 µM Mn²⁺, whereas no enhancement was observed 
at 320 µM Mn²⁺. These results confirm the concen-
tration-dependent effects of Mn²⁺ observed in Part I, 
while extending these observations to natural grape-
vine wood conditions, and on an increased experimen-
tal scale. Given that F. mediterranea is considered a key 
species associated with ECDs, and that its wood degra-
dation by-products have been suggested as contributors 
to foliar symptom development (Mugnai et al., 1999), 
these results further support the potential involvement 
of Mn²⁺-dependent mechanisms in GLSD. Increased 
Mn²⁺ availability probably enhances fungus degradative 
activity, and consequently favours production or release 
of metabolites potentially associated with GLSD foliar 
symptom expression.

The analyses of manganese peroxidase production 
provided a mechanistic explanation for the observed 
wood degradation patterns. MnP activity increased with 
increasing manganese concentrations, and reached sig-
nificant levels at 80 µM and 160 µM Mn²⁺, followed by a 
decline at the greatest Mn²⁺concentration assessed. This 
bell-shaped response mirrored the trends observed for 
F. mediterranea growth, biomass production, and wood 
degradation, indicating the functional link between 
Mn²⁺ availability, MnP expression, and fungus degra-
dative capacity. Manganese peroxidase is a key enzyme 
in white rot fungi, catalyzing the oxidation of Mn²⁺ to 
Mn³⁺, which acts as a low-molecular-weight diffusible 
oxidant capable of attacking lignin and other phenolic 
compounds at a distance from hyphae (Hatakka, 1994; 
Hofrichter, 2002). The enhanced MnP activity observed 
at intermediate manganese concentrations provides a 
direct explanation for the increased biomass loss meas-
ured in both parts of the present study. Similar man-
ganese-dependent regulation of MnP activity has been 
reported in other white rot fungi, including Ceriporio-
psis subvermispora and Phanerochaete chrysosporium, 
where Mn²⁺ availability is a limiting factor for efficient 

ligninolytic activity (Couto et al., 1998; Kannaiyan 
et al., 2015). Mn²⁺ has been shown to be an essential 
requirement for stimulation of extracellular MnP pro-
duction in several white rot fungi, including C. sub-
vermispora, Trametes versicolor, P. chrysosporium, and 
Pleurotus ostreatus, further supporting the central role 
of manganese in regulating ligninolytic enzyme sys-
tems (Brown et al., 1991; Ruttiman-Johnson et al., 1992; 
Johansson et al., 2002). For ECDs, MnP-mediated Mn²⁺ 
oxidation and the associated production of diffusible 
Mn³⁺ chelates may contribute to the spatial dynamics 
of lignin modification and wood cell wall degradation 
in infected grapevine tissues. These oxidative processes 
could influence the extent and pattern of wood decay 
caused by F. mediterranea, so factors influencing Mn2+ 
concentration could influence wood decay process and 
its consequences for host plant leaves. However, given 
the complexity of Esca aetiology, and the involvement 
of multiple fungal species and host responses, this inter-
pretation should be considered as a working hypothesis 
rather than a direct causal link.

At 320 µM Mn²⁺, the decline in MnP activity likely 
reflected interference with enzyme production and/or 
stability, consistent with the inhibitory effects observed 
on grapevine growth and biomass. As discussed for Part 
I (above), this may result from disruption of Mn²⁺ home-
ostasis, where excessive intracellular Mn²⁺ impairs oxi-
dative metabolism (Robinson et al., 2021).

Some limitations of the present study should be 
acknowledged. Firstly, all experiments were conduct-
ed under controlled in vitro conditions, which, while 
allowing precise manipulation of Mn²⁺ availability, do 
not capture the full complexity of in planta environ-
ments, including host immune responses, competing 
microorganisms, and dynamic soil chemistry. Secondly, 
while the Mn²⁺ concentrations used were selected based 
on a comparable study of Ceriporiopsis subvermispora 
(Mancilla et al., 2010), the direct correspondence to 
manganese bioavailability in grapevine wood under nat-
ural conditions remains to be determined. Thirdly, the 
present study used one isolate of F. mediterranea, and 
intraspecific variability in Mn²⁺ sensitivity and MnP 
production capacity cannot be excluded. These limi-
tations underscore the need for follow-up in vivo and 
field-based research to validate and extend the results 
reported here.

The results reported here provide important 
insights into the mechanisms underlying grapevine 
wood colonization and degradation by F. mediterranea, 
the white rot agent of ECDs. This pathogen preferen-
tially colonizes old wood, where manganese availability 
may locally favour MnP-mediated lignin degradation, 



220 Francesco Bigazzi et alii

thereby facilitating pathogen spread and the progres-
sive development of white rot. A possible implica-
tion of these results is that soils with high manganese 
availability may enhance plant uptake of this element, 
and consequently promote manganese accumulation 
in woody tissues, as manganese is readily absorbed by 
roots and translocated through host xylem, particularly 
under acidic soil conditions or when Mn²⁺ bioavailabil-
ity is high (Kabata-Pendias, 2000; Fageria et al., 2010; 
Marschner, 2011).

On this basis, it can be hypothesized that soil man-
ganese availability probably influences the development 
of grapevine wood colonization by modulating MnP 
activity, and, therefore, wood degradation efficiency in 
Mn-dependent trunk pathogens such as F. mediterranea, 
although this remains to be confirmed by dedicated in 
planta experiments.

CONCLUSIONS

The combined results of both experimental parts of 
this study demonstrate that Mn²⁺ plays a key, concentra-
tion-dependent role in regulating the growth, enzymatic 
activity, and wood-degrading capacity of F. mediter-
ranea. In addition, the use of different wood types and 
experimental procedures demonstrated that while sub-
strate characteristics (e.g., young vs. old wood) can influ-
ence pathogen growth dynamics, manganese availability 
is a dominant factor controlling decay efficiency.

The present study was conducted using one iso-
late of F. mediterranea, which is an inherent limitation. 
Intraspecific variability in MnP and laccase activity has 
been documented in F. mediterranea, and associated 
with differential expression of peroxidase-encoding iso-
forms (Pacetti et al., 2022). Therefore, the absolute enzy-
matic values recorded in the present research should not 
be generalized for the species. Other isolates may exhibit 
different baseline MnP activities and different responses 
to manganese supplementation. Future research includ-
ing multiple isolates with contrasting enzymatic profiles 
is required to determine whether the stimulatory effects 
of manganese on MnP production and wood degradative 
capacity observed in this study are a conserved physio-
logical response across F. mediterranea strains or are an 
isolate-dependent trait.

Overall, these results highlight the need to investi-
gate micronutrient bioavailability and the influencing 
factors of this bioavailability, as potential abiotic drivers 
of wood colonization in Esca complex progression, with 
manganese emerging as a key factor influencing patho-
genesis.
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First detection of Pectobacterium carotovorum 
associated with potato soft rot in Georgia
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Summary. Potato (Solanum tuberosum L.)  is an important food crop in Georgia; but 
use of poor-quality seed potatoes and presence of harmful pathogens are important 
contributors to low crop productivity. Potato soft rot, caused by Pectobacterium caro-
tovorum, had not been previously identified in potato crops in Georgia. During field 
surveys, potato tubers exhibiting typical soft rot symptoms, including water-soaked 
lesions, tissue maceration, and discolouration, were collected from farmers’ fields, stor-
age facilities, and experimental plots. The sampled potato varieties included Marfona, 
Jelly, Picasso, Slovyanka, Khortytsa, and Nevsky. Research using cultural, morphologi-
cal, biochemical, and molecular analyses showed that Dickeya solani and Pectobacteri-
um carotovorum causing potato soft rot are common in the studied regions of Georgia. 
These results, together with the 100% sequence identity of the gapA gene, provide the 
first record P. carotovorum in Georgia.

Keywords. Bacterial disease, isolate, gapA gene, sequence. 

INTRODUCTION

Potatoes (Solanum tuberosum L.) are important food crops in Georgia, 
where annual per capita consumption reaches approx. 55 kg. However, the 
total area planted with potatoes (14,000–25,000 ha) and the average yields 
(12.2–15.6 t ha-1) during 2016–2024 were low compared with other Europe-
an and neighboring countries, including Armenia, Azerbaijan, and Turkey 
(Geostat, 2024). “Seed degeneration”, defined as yield losses in vegetatively 
propagated crops due to pathogen accumulation over successive propagation 
cycles, is among the major constraints to potato productivity (Thomas-Shar-
ma et al., 2015).

In Georgia, seed potatoes are predominantly self-saved by growers or 
obtained from local sources. For smallholder farmers, who are the majority 
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of potato producers in Georgia, certified seed potatoes 
are often unavailable or prohibitively expensive (Kelsey 
et al., 2021). Consequently, the use of poor-quality seed 
potatoes and the presence of particularly harmful path-
ogens are among the main factors contributing to low 
productivity.

The major potato diseases in Georgia include late 
blight, caused by Phytophthora infestans, and early 
blight, caused by Alternaria solani. In addition, sev-
eral quarantine potato diseases occur in this country, 
including brown rot (caused by Ralstonia solanacearum; 
Muradashvili et al., 2014), wart (Synchytrium endobioti-
cum; Gorgiladze et al., 2014), and ring rot (Clavibacter 
sepedonicus; Sadunishvili et al., 2020). During 2010 to 
2012, outbreaks of blackleg caused by Dickeya spp. were 
recorded in the main potato-producing region of Samt-
skhe–Javakheti (Tsror et al., 2011). Subsequent molecu-
lar studies showed that the majority of soft rot cases in 
Georgia were caused by Dickeya solani (Muradashvili et 
al., 2023). However, Pectobacterium carotovorum had not 
been previously identified in Georgian potato crops. 

Bacterial diseases, including soft rot caused by Pec-
tobacterium carotovorum, lead to significant losses in 
international potato production by causing plant wilt-
ing and tuber rot under both field and storage condi-
tions (Vand der Wolf, el al., 2021). The aim of the pre-
sent study was to characterize bacterial isolates obtained 
in Georgia in 2022 to 2023 from potato tubers showing 
soft rot symptoms. Cultural and biochemical tests, and 
molecular phylogenetic analyses, were used to determine 
isolate identity to Pectobacterium, potential pathogens 
not previously reported in association with soft rot of 
potato tubers in Georgia.

MATERIALS AND METHODS

Field surveys and sample collection

Field surveys for potato soft rot were carried out 
during the 2022–2023 growing and harvesting seasons 
in major potato-producing regions of Georgia, including 
Marneuli (village of Maradis), Bolnisi (village of Nakhi-
duri), Dmanisi (villages of Sarkineti and Gomareti), 
Tsalka (village of Artsivani), and Ninotsminda, Adigeni, 
Oni, and Ambrolauri.

Potato tubers exhibiting typical soft rot symptoms, 
including water-soaked lesions, tissue maceration, and 
discolouration, were collected from farmers’ fields, stor-
age facilities, and from experimental plots of the Insti-
tute of Phytopathology and Biodiversity. Potato varieties 
sampled included Marfona, Jelly, Picasso, Slovyanka, 
Khortytsa, and Nevsky.

Isolation and culturing of bacteria

Tuber samples were washed under running tap 
water, surface-sterilized in 0.3% sodium hypochlorite, 
rinsed with sterile distilled water, and air-dried in a lam-
inar flow cabinet. Tissue from lesion margins was asepti-
cally excised, macerated in sterile water, and plated onto 
nutrient agar. After incubation at 28 °C for 24 h, single 
colonies were transferred to crystal violet pectate (CVP) 
medium (Perombelon and Van Der Wolf, 2002). The 
CVP plates were incubated at 28 °C for 48 h, and then 
examined for cavity formation.

Phenotypic and biochemical characterization of isolated 
bacteria

Gram reaction, fluorescence on King’s B medium, 
growth at 37 °C, and pigmentation on yeast dextrose cal-
cium carbonate (YDC) and nutrient glycerol manganese 
(NGM) media were assessed for isolates obtained. Stand-
ard biochemical tests, including oxidase, catalase, urease, 
indole production, carbohydrate utilization, and citrate 
and malonate metabolism, were carried out, according to 
recommended and validated protocols (EPPO, 2023).

Pathogenicity tests

Pathogenicity of bacterial isolates was assessed using 
whole potato tubers. Bacterial suspensions (10⁸ CFU 
mL-1) were inoculated into the tuber tissues and incu-
bated at 27 to 30 °C in moist chambers. Symptom devel-
opment was monitored for 24 to 72 h. Control samples 
were inoculated with sterile distilled water. Re-isolation 
of bacteria from symptomatic tissues was performed to 
determine fulfilment of Koch’s postulates.

Molecular identification of bacteria

Total genomic DNA was extracted from selected 
isolates using the QIAamp DNA Mini Kit (QIAGEN) 
according to the manufacturer’s instructions. The house-
keeping gene gapA was amplified by PCR using the prim-
er pair gapA-7-F (5′-ATGGCAGGTTGTTGGTAA-3′) and 
gapA-938-R (5′-TTAGCCGTTGACCTTGTTG-3′) (Cigna 
et al., 2017). PCR products were visualized on 1.5% aga-
rose gels stained with ethidium bromide. Amplicons were 
purified using the QIAquick PCR Purification Kit (QIA-
GEN), and were sequenced by Macrogen Europe using 
the Sanger method with forward and reverse primers.

Raw sequence reads were assembled and edited to 
obtain high-quality consensus sequences using Geneious 
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Prime 2026.0.2 (Biomatters Ltd). Multiple sequence 
alignment of gapA gene sequences was performed using 
MUSCLE (Edgar, 2004).

Sequence similarity searches against the NCBI Gen-
Bank database were conducted using BLASTn (Altschul 
et al., 1990) to identify closely related taxa. BLASTn 
analysis showed that 11 Georgian isolates (PP060483 
to PP060493) shared 100% nucleotide identity and full 
query coverage with Pectobacterium carotovorum strains 
MBr2 (OR651974) and ZB18121 (OP793220), indicating 
close genetic relationships.

Phylogenetic analysis was performed in MEGA X 
(Kumar et al., 2018). gapA sequences were aligned using 
ClustalW, and a Maximum Likelihood (ML) tree was 
constructed based on the best-fit nucleotide substitution 
model selected using the Bayesian Information Criterion 
(BIC). Bootstrap analysis with 1,000 replicates was used 
to assess tree robustness, with values ≥70% considered 
significant (Felsenstein, 1985).

Bacterial isolates and reference sequences

11 Georgian isolates (PP060483 to PP060493) were 
included in the phylogenetic analysis together with ref-
erence sequences of Pectobacterium species retrieved 
from the NCBI database, (NCBI, 2026). including Pec-
tobacterium carotovorum (OP793220), Pectobacterium 
atrosepticum (NC_004547/ NZ_CP009125), Pectobacte-
rium basiliense (NZ_CP020350), Pectobacterium versatile 
(NZ_CP021894), Pectobacterium polare (NZ_CP017482), 
Pectobacterium parmentieri (CP003415 / CP001790), 
Pectobacterium punjabense (SAMN11162174) and Pec-
tobacterium aroidearum (SAMN47853470). These refer-
ence taxa were selected to represent the major phyloge-
netic lineages within Pectobacterium.

RESULTS AND DISCUSSION

The field surveys in Georgia revealed that potato 
tubers with typical soft rot symptoms were widespread 
in major potato-producing regions of Georgia. A total of 
28 symptomatic samples were collected. Nineteen bac-
terial isolates produced characteristic cavities on CVP 
medium, indicating their pectolytic activity typical of 
soft rot bacteria (Figure 1 A). All isolates were Gram-
negative, facultatively anaerobic, and non-fluorescent on 
King’s B medium, suggesting affiliation with Pectobac-
terium spp. or Dickeya spp. Based on strong pectolytic 
activity, 11 isolates were selected for further characteri-
zation. These isolates did not produce blue pigmentation 
on yeast dextrose calcium carbonate (YDC) or nutrient 

glycerol medium (NGM), distinguishing them from five 
other isolates that displayed phenotypic traits consistent 
with Dickeya spp. (Figure 1 B). 

The 12 selected isolates were oxidase-, urease-, and 
indole-negative, unable to utilize citrate or malonate, and 
did not produce acid from dulcitol or sorbitol. All isolates 
were catalase-positive, fermented lactose, rhamnose, and 
trehalose, and were capable of growth at 37 °C.

Pathogenicity assays conducted on whole potato 
tubers showed that all tested isolates induced typical soft 
rot symptoms in the tuber tissues, including rapid macer-
ation and decay, comparable to those observed in natural-
ly infected samples. The bacterial isolates obtained from 
inoculated tubers matched the inoculation isolates, there-
by fulfilling Koch’s postulates for the respective bacteria.

The PCR assay resulted in amplification in all 12 
Georgian isolates as well as in the reference isolate Pec-
tobacterium carotovorum (43_0332), which was from 
National plant pathogen cultural collection of Wagen-
ingen University and Research. Agarose gel electropho-
resis gave a single, distinct amplicon of approx. 932 bp 
in each positive reaction (Figure 2), corresponding to the 
expected fragment size. No amplification was detected 
in the negative control, confirming absence of contami-
nation and specificity of the PCR assay. The uniformity 
of amplicon size among all isolates indicated conserva-
tion of the gapA gene region within the studied popula-
tion. Minor variations in band intensity were observed, 
but are attributed to differences in DNA template con-
centrations or PCR efficiency, rather than nonspecific 
amplifications. The clear and consistent amplification 
products obtained provided high-quality templates for 
downstream sequencing and subsequent comparative 
sequence analysis.

BLASTn analysis showed that the Georgian iso-
lates (deposited in GenBank under accession numbers: 
PP060483, PP060484, PP060485, PP060486, PP060487, 

Figure 1. (A) A pure culture of Pectobacterium carotovorum grown 
on crystal violet pectate (CVP) medium. (B) Dark blue pigmenta-
tion produced by Dickeya spp. on yeast dextrose calcium carbonate 
(YDC) medium.
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PP060488, PP060489, PP060490, PP060491, PP060492, 
PP060493) shared 100% nucleotide identity and 100% 
query coverage with Pectobacterium carotovorum refer-
ence strains MBr2 (OR651974, Taiwan) and ZB18121 
(OP793220, China), with maximum similarity scores (bit 
score = 1,000), confirming very close genetic relationships.

Phylogenetic analysis based on the gapA gene con-
firmed the taxonomic placement of the isolates. Both 
Maximum Likelihood and Neighbor-Joining analyses 
consistently grouped all Georgian isolates within the 
Pectobacterium carotovorum clade (Figure 3).

Phylogenetic relationships inferred from gapA gene 
sequences showed that all Georgian isolates (PP060483 
to PP060493) clustered within the Pectobacterium caro-
tovorum clade, together with reference strains MBr2 
(OR651974) originating from Taiwan, and ZB18121 
(OP793220) originating from China. This grouping was 
strongly supported by a high bootstrap value (98%), 
indicating a robust and reliable phylogenetic place-
ment. The Georgian isolates formed a compact and 
well-defined subcluster characterized by short branch 
lengths, suggesting low intra-group genetic diversity.

In contrast, other Pectobacterium species, includ-
ing P. aroidearum, P. parmentieri, and P. punjabense, 
were resolved in a separate lineage with moderate boot-
strap support (77%). A distinct and well-supported clade 
(bootstrap = 96) comprised P. atrosepticum, P. brasil-
iense, P. versatile, and P. polare, clearly differentiated 
from the P. carotovorum cluster.

Overall, the topology of the tree (Figure 3) demon-
strates a clear separation among species within Pectobac-
terium, and confirms the assignment of all the Georgian 
isolates to P. carotovorum, highlighting the close genetic 
relatedness and low sequence divergence within the 
studied population (Table 1).

The present study represents the first confirmed 
report of Pectobacterium carotovorum as a causal agent 

of potato soft rot in Georgia. Previously, Dickeya solani 
had been identified as the predominant soft rot path-
ogen in this country, particularly in the Samtskhe–
Javakheti region and adjacent areas (Muradashvili et 
al., 2023). However, D. solani was also detected in sam-
ples collected during the 2022–2023 field surveys. The 
present research demonstrates that two bacterial pop-
ulations causing potato soft rot, D. solani and P. caro-
tovorum, are predominantly circulating in the studied 
regions.

Figure 2. PCR amplification products using primer pair gapA-7-F/gapA-938-R: Lanes 1, Kob.4.22; 2, Tsk 1.22; 3, Kob 5.22; 4, Kob 3.22; 
5, Tsk 3.22; 6, Mar 5.22; 7, Akh 2.22; 8, Mar 4.22; 9, Mar 1.22; 10, Mar 9.22; 11, Ats 1.22; 12, Mar 2.22; 13, Reference strain 43_0332; 14, 
Negative control.

Figure 3. Phylogenetic tree based on gapA gene sequences, show-
ing that Georgian isolates (PP060483 to PP060493) cluster within 
the Pectobacterium carotovorum clade with high bootstrap support 
(98%). Other Pectobacterium species form distinct, well-supported 
lineages. Bootstrap values (1,000 replicates) are indicated at nodes. 
The scale bar represents 0.02 substitutions per site.
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The coexistence of P. carotovorum and D. solani 
within the same potato production areas may compli-
cate disease management, as these pathogens differ in 
aggressiveness, environmental adaptation, and responses 
to control measures. The recovery of numerous isolates 
from seed tubers from unknown origins suggests that 
seed-borne dissemination is probably a major path-
way for pathogen introduction, which is consistent with 
international reports on the epidemiology of P. carotovo-
rum (Van Der Wolf et al., 2021). These results highlight 
the importance of implementing strict phytosanitary 
measures, including the use of certified seed potatoes 
and systematic monitoring of seed potato lots. Future 
research should focus on comprehensive epidemiological 
surveys, population genetic analyses, and evaluation of 
disease control strategies to mitigate the impact of these 
pathogens on potato production in Georgia.

ACKNOWLEDGEMENTS

Financial support for this research was provided by 
Shota Rustaveli National Science Foundation (SRNSF) of 
Georgia (grant No. FR-21-1778).

LITERATURE CITED

Altschul S. F., Gish W., Miller W., Myers E. W., Lipman 
D. J., 1990. Basic local alignment search tool. Journal 
of Molecular Biology 215(3): 403–410. https://doi.
org/10.1016/S0022-2836(05)80360-2

Biomatters Ltd. 2026. Geneious Prime 2026.0.2 [software]. 
Auckland, New Zealand: Biomatters Ltd.

Cigna J., Dewaegeneire P., Beury A., Gobert V.,  Faure 
D., 2017. A gapA PCR-sequencing assay for identi-
fying the Dickeya and Pectobacterium potato patho-
gens. Plant Disease 101(7): 1278–1282. https://doi.
org/10.1094/PDIS-12-16-1810-RE

EPPO, 2023. Diagnostic standard PM 7/155 (1): Pecto-
bacterium spp. and Dickeya spp. EPPO Bulletin 53: 
309–353. https://doi.org/10.1111/epp.12935

Edgar R. C., 2004. MUSCLE: multiple sequence align-
ment with high accuracy and high throughput. 
Nucleic Acids Research 32(5): 1792–1797.

Felsenstein J., 1985. Confidence limits on phylogenies: an 
approach using the bootstrap. Evolution 39: 783–791.

Geostat, 2024. National Statistics Office of Georgia. Agri-
culture of Georgia. https://www.geostat.ge/en/mod-
ules/categories/196/agriculture (accessed 26 April 
2025).

Gorgiladze L., Meparishvili G., Sikharulidze Z., Natsar-
ishvili K., Meparishvili S., 2014. First report of Syn-
chytrium endobioticum causing potato wart in Geor-
gia. New Disease Reports 30(4): 1. https://doi.org/10.
5197/j.2044-0588.2014.030.004

Kelsey F. A., Forbes G. A., Andrade J. L., Buddenhagen C. 
E., Fulton J. C., … Garret K.A., 2021. An integrated 
seed health strategy and phytosanitary risk assess-
ment: potato in Georgia. Agricultural Systems 191: 
103144. https://doi.org/10.1016/j.agsy.2021.103144 

Kumar S., Stecher G., Li M., Knyaz C., Tamura K., 2018. 
MEGA X: Molecular Evolutionary Genetics Analysis 
across computing platforms. Molecular Biology and 
Evolution 35: 1547–1549.

Muradashvili M., Meparishvili G., Sikharulidze Z., 
Meparishvili S., 2014. First report of potato brown 
rot caused by Ralstonia solanacearum in Georgia. 
Journal of Plant Pathology 96(4): S119 (abstract).

Muradashvili M., Tsror (Lahkim) L., Sikharulidze Z., 
Meparishvili S., Mordechai L. S., Meparishvili G., 
2023. Prevalence of potato blackleg and soft rot in 
Georgia. Journal of Applied Biological Sciences 17(2): 
249–256.

NCBI, 2026. National Center for Biotechnology Informa-
tion (NCBI) GenBank database. https://www.ncbi.
nlm.nih.gov/genbank/ (accessed 11 April 2026).

Perombelon M. C. M., Van der Wolf, J. M., 2002. Meth-
ods for the detection and quantification of Erwinia 
carotovora subsp. atroseptica (Pectobacterium caroto-
vorum subsp. atrosepticum) on potatoes: a laboratory 
manual. Scottish Crop Research Institute Occasional 
Publication No. 10.

Table 1.  List of identified Pectobacterium carotovorum isolates 
from Georgia.

No.
BioSample 
accession 

No.

Georgian  
isolate  

No.

Host potato 
variety

Year 
isolated

Sampling 
location

1 PP060483 Geo_Kob.4.22 Khortytsa 2023 Kobuleti
2 PP060484 Geo_Tsk.1.22 Marfona 2023 Tsalka
3 PP060485 Geo_Kob.5.22 Slovyanka 2022 Kobuleti
4 PP060486 Geo_Kob.3.22 Nevsky 2022 Kobuleti
5 PP060487 Geo_Tsk. 3.22 Picasso 2022 Tsalka

6 PP060488 Geo_Mar.5.22 Unknown 2022 Marneuli, v. 
Maradisi

7 PP060489 Geo_Akh.2.22 Marfona 2022 Akhalkalaki
8 PP060490 Geo_Mar.1.22 Unknown 2022 Marneuli
9 PP060491 Geo_Mar.2.22 Unknown 2023 Marneuli
10 PP060492 Geo_Mar.9.22 Unknown 2022 Marneuli 
11 PP060493 Geo_Ats.1.22 Jelly 2022 Akhaltsikhe

https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1094/PDIS-12-16-1810-RE
https://doi.org/10.1094/PDIS-12-16-1810-RE
https://doi.org/10.1111/epp.12935
https://www.geostat.ge/en/modules/categories/196/agriculture
https://www.geostat.ge/en/modules/categories/196/agriculture
https://doi.org/10.5197/j.2044-0588.2014.030.004
https://doi.org/10.5197/j.2044-0588.2014.030.004
https://doi.org/10.1016/j.agsy.2021.103144
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/


230 Maka Muradashvili et alii

Sadunishvili T., Wegierek-Maciejewska A., Gaganidze D., 
Amashukeli N., Sturua N., … Kvesitadze G., 2020. 
Molecular, morphological and pathogenic charac-
terization of Clavibacter michiganensis subsp. sepe-
donicus strains of different geographical origins in 
Georgia. European Journal of Plant Pathology 158(2): 
195–209.

Tsror (Lahkim) L., Erlich O., Lebiush S., Van der Wolf J. 
M., Mozes G., Sikharulidze, Z., 2011. First report of 
potato blackleg caused by a biovar 3 Dickeya sp. in 
Georgia. New Disease Reports 23(1): 1. https://doi.
org/10.5197/j.2044-0588.2011.023.001

Thomas-Sharma S., Abdurahman A., Ali S., Andrade-Pie-
dra J., Bao S., … Garrett, K. A., 2015. Seed degenera-
tion in potato: the need for an integrated seed health 
strategy. Plant Pathology 65(1): 3–16.

Van der Wolf J. M., Acuña I., Solke H., Brurberg M. B., 
Cahill G., … Yedidia I., 2021. Diseases caused by Pec-
tobacterium and Dickeya species around the world. 
In: Plant Diseases Caused by Dickeya and Pectobac-
terium Species, (Van Gijsegem F., van der Wolf J.M., 
Toth I., ed.), Springer Nature Switzerland AG 2021, 
215–261. https://doi.org/10.1007/978-3-030-61459-
1_7.  

https://doi.org/10.5197/j.2044-0588.2011.023.001
https://doi.org/10.5197/j.2044-0588.2011.023.001
https://doi.org/10.1007/978-3-030-61459-1_7
https://doi.org/10.1007/978-3-030-61459-1_7


Phytopathologia Mediterranea 65(2): 231-242, 2026

Firenze University Press 
www.fupress.com/pm

Phytopathologia Mediterranea
The international journal of the  

Mediterranean Phytopathological Union

ISSN 0031-9465 (print) | ISSN 1593-2095 (online) | DOI: 10.36253/phyto-17270 

Citation: López García, R., Hidalgo 
Fernández, M. T., García García, M., 
Rodríguez-Arcos, R., Jiménez-Araujo, 
A. & Serrano Moral, M. S. (2026). Agricul-
tural by-products from asparagus and 
date palm affect Phytophthora cin-
namomi: potential for control of oak 
root disease. Phytopathologia Medi-
terranea 65(2): 231-242. doi: 10.36253/
phyto-17270 

Accepted: June 10, 2026

Published: July 19, 2026

© 2026 Author(s). This is an open access, 
peer-reviewed article published by 
Firenze University Press (https://www.
fupress.com) and distributed, except 
where otherwise noted, under the 
terms of the CC BY 4.0 License for 
content and CC0 1.0 Universal for 
metadata.

Data Availability Statement: All rel-
evant data are within the paper and its 
Supporting Information files.

Competing Interests: The Author(s) 
declare(s) no conflict of interest.

Editor: Matteo Garbelotto, University 
of California, Berkeley CA, USA.

ORCID:
RLG: 0009-0006-6446-5773 
MTHF: 0000-0001-9859-4035
MGG: 0009-0005-2964-9617 
RRA: 0000-0002-0003-4345
AJA: 0000-0002-2695-4588
MSSM: 0000-0003-3896-1993

Research Papers

Agricultural by-products from asparagus and 
date palm affect Phytophthora cinnamomi: 
potential for control of oak root disease

Rosa LÓPEZ GARCÍA1, María Teresa HIDALGO FERNÁNDEZ1, Marta 
GARCÍA GARCÍA1, Rocío RODRÍGUEZ-ARCOS2, Ana JIMÉNEZ-
ARAUJO2, María Socorro SERRANO MORAL1,*

1 Grupo de Recursos genéticos, mejora y protección del olivo y otros cultivos leñosos 
(UCOLIVO), Departamento de Agronomía, Universidad de Córdoba, Spain
2 Grupo de Fitoquímicos y Calidad de los Alimentos, Departamento de Fitoquímica de 
los Alimentos, Instituto de la Grasa (IG-CSIC), Spain
*Corresponding author. E-mail: a12semom@uco.es 

Summary. As society demands healthier food production, agricultural residues could 
provide sustainable alternatives for plant disease control, as these residues are reser-
voirs of fungicidal compounds. This study aimed to identify the activity of six plant 
extracts and their corresponding crude residues against plant pathogen Phytophthora 
cinnamomi. Extracts enriched in bioactive compounds came from residues of aspara-
gus spears (AS), fronds (AF) or roots (AR); olive tree fruit (OF) or leaves (OL), and 
seeds of date palm fruits (DS). In vitro experiments showed that all the asparagus 
extracts at 0.025 and 0.05% significantly decreased P. cinnamomi mycelial growth, with 
inhibition percentages greater than 75% for AS and AR. The AS, OL and DS extracts 
at 0.05% inhibited P. cinnamomi sporangial production by >84%. Phytotoxicity symp-
toms were not detected for any of the extracts assessed. In planta experiments were 
carried out to compare effects of soil application of AS and DS organic extracts with 
their crude residues at 0.05% against disease caused by P. cinnamomi on Quercus ilex 
seedlings. The AS residue was statistically more effective than the AS extracts, while 
DS residue and extract inhibited root rot symptoms to levels similar to the uninfest-
ed controls. Therefore, extracts and residues from seeds from date fruits, and residues 
from asparagus spears, are candidates for control P. cinnamomi root rot. Both residues 
are being tested in an infested field of Q. ilex adult trees.

Keywords. Anti-oomycete activity, extracts, phenolic compounds, residues, root rot.

INTRODUCTION

Plants produce many secondary metabolites that have broad biological 
activity, including antioxidant, anticancer, antibacterial, and antifungal activ-
ities, which are related to their chemical structures (Sparg et al., 2004). Previ-
ous studies have determined that wild plants are important sources of bioac-
tive compounds, that are rich in saponins and flavonoids and have antifungal 
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activity against plant pathogens (Cenobio-Galindo et al., 
2024), including Fusarium oxysporum (Tucuch-Pérez et 
al., 2020), and Phytophthora capsici (Lujan et al., 2021), 
P. nicotianae (Bowers and Locke, 2004), and P. infestans 
(Nagar et al., 2017).

Agricultural crops and their by-products are also 
reservoirs of phytochemicals (Jaramillo-Carmona et al., 
2017; Cenobio-Galindo et al., 2024; Mrabet et al., 2024). 
Date seeds, which are discarded organic residue, have 
high contents of polyphenols, and are a rich source of 
bioactive compounds such as carotenoids, flavonoids, 
and tocopherols (Mrabet et al., 2024). Similarly, in vitro 
studies have shown that extracts from Asparagus offici-
nalis by-products inhibited the mycelial growth of the 
plant pathogenic fungi Alternaria tenuissima, F. oxyspo-
rum, Macrophomina phaseolina, Rhizoctonia solani and 
P. cinnamomi (Rosado-Álvarez et al., 2014; Desoukey et 
al., 2020; Romero et al., 2024).

Biomass from different plants varies in composi-
tion and concentration of secondary metabolites, and 
in antimicrobial activity (Fuentes-Alventosa et al., 2013; 
Desoukey et al., 2020; Cenobio-Galindo et al., 2024). 
Del Río et al. (2003) noted that extracts from Olea euro-
paea stems had the highest accumulation of the phyto-
chemicals tyrosol, catechin and oleuropein in cortices, 
and their use resulted in a more effective inhibition of 
the mycelial growth of different Phytophthora species 
in comparison with extracts obtained from olive leaves. 
In contrast, olive leaf extract reduced host plant death 
caused by P. cinnamomi root disease more than extract 
from olive branches (Romero et al., 2024). Therefore, 
plant byproducts and extracts provide safe and “green” 
alternatives for management of plant diseases, both in 
agricultural and natural settings.

Perhaps, there is no better example of a pathogen 
that affects natural and agricultural systems than P. cin-
namomi. This soilborne oomycete is one of the 100 worst 
invasive exotic species (Global Invasive Species Database 
2025), and is capable of infecting close to 5000 plants spe-
cies, including many of importance in agriculture, forestry, 
and horticulture. This pathogen has serious consequences 
for environments, biodiversity and substantial economic 
losses (Burgess et al., 2017; Sena et al., 2018). Its impacts 
are in temperate and subtropical climate regions, including 
all Mediterranean climate regions (Burgess et al., 2017). 
In South Africa, P. cinnamomi severely affects eucalyptus, 
avocado, macadamia and autochthonous fynbos (Sena et 
al., 2018), while in Europe and California, it is associated 
with oak decline and chestnut ink disease (Garbelotto et 
al., 2006; Burgess et al., 2017; Sena et al., 2018).

Phytophthora cinnamomi is the main causal agent of 
extensive death of Quercus species in the Mediterranean 

Basin (Brasier, 1996). The pathogen causes severe feeder 
root necroses with crown wilting, desiccation, and tree 
defoliation and death (Brasier, 1996). Several methods 
have been developed to control P. cinnamomi oak tree dis-
ease, including soil application of calcium amendments 
(Serrano et al., 2012a), biofumigation with Brassica spp. 
with high content in sinigrin (Ríos et al., 2016), and chem-
ical control using phosphonates (González et al., 2020).

Society demands sustainable, healthy and environ-
mental-friendly food production, including a signifi-
cant reduction in the use of chemical products to con-
trol pests. Therefore, the development of new strategies 
for a sustainable and environmental-friendly biological 
control of P. cinnamomi is urgent. The objective of the 
present study was to assess biocidal activity against P. 
cinnamomi of six organics extracts that came from olive 
tree, asparagus or date palm residues. The study aimed 
to determine: 1) effects of organic extracts on myce-
lial growth and infectivity of P. cinnamomi in in vitro 
experiments; and 2) the comparative effects of organic 
extracts and their crude residues on development of P. 
cinnamomi root rot in planta.

MATERIALS AND METHODS

Plant extracts

Six different organic extracts were used (Table 1). 
Three were from asparagus crop by-products, from 
basal portions of spears discarded during processing, 
and from spears broken or deteriorated during handling 
(AS), fronds (AF) or roots (AR) of asparagus plants dis-
carded after spear harvesting. Two other extracts were 
from olive fruit extract obtained during olive oil extrac-
tions (OF), or from leaves and twigs resulting from 
pruning activities (OL). The sixth extract was from dis-
carded seeds from date fruits (DS).

Different extraction protocols were used, depending 
on the particular plant residues. Extracts from spears 
(AS), fronds (AF) or roots (AR) residues of the cultiva-
tion of triguero asparagus from Huetor-Tájar (Granada, 
Spain), were obtained using the methods of Fuentes-
Alventosa et al. (2013). Each by-product was first auto-
claved at 121 ºC for 2 h in water (1:2 w/v), to obtain an 
aqueous extract containing most of the soluble bioac-
tive compounds, and the fibrous residue. The aqueous 
extract was then fractionated by adsorption chromatog-
raphy and eluted with 40% ethanol aqueous solution as 
Rosado-Álvarez et al. (2014). The resulting extract was 
concentrated under vacuum and freeze-dried.

The functional organic extract from olive fruits 
(OF) was obtained using the method of Rodríguez et al. 
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(2007). The aqueous phase liquor generated during olive 
oil extraction from fruits was purified using an anion 
exchange chromatography column. The phenolic com-
pounds fraction was eluted with water, and then concen-
trated using a rotatory vacuum evaporator. The resulting 
effluent was then purified using polymeric adsorption 
resin column and eluted with ethanol:water (30:70).

The olive leaf extract (OL) was obtained from dried 
leaves through aqueous extraction at 90 ºC for 40 min. 
Due to its high phenolic content (Romero et al., 2024), 
no additional purification was required. The extract 
was then concentrated under vacuum and lyophilized 
(Romero et al., 2024).

Date seed extract (DS) was produced from a 
fine seed powder by extraction with 80:20 (v/v) 
ethanol:water. After filtration, the resulting liquor was 
concentrated under vacuum and freeze-dried (Mrabet et 
al., 2024).

Oomycete material

Three P. cinnamomi isolates were used. PE2203 was 
isolated from the rhizosphere of Quercus ilex and stored 
in the fungal collection of the Agronomy Department of 
the University of Córdoba (Romero et al., 2024). Isolate 
PA37 was from Quercus suber roots, and was stored in 
the Universidade do Algarve (Portugal). Isolate P7S was 
from Q. ilex roots, and was obtained from the collection 
of the Agenzia della Regione Sardegna per la Ricerca Sci-
entifica (Italy).

In vitro experiments

Effects on mycelial growth.  Abilities of organic 
extracts of agricultural residues to inhibit mycelial 
growth of P. cinnamomi was evaluated. Corn Meal Agar 

medium (CMA, 17 g L-1) was amended with the dif-
ferent organic extracts at two concentrations (0.025 
and 0.05%), selected according to previous tests for AS 
extract (Romero et al., 2022). All extracts were diluted 
in water, except for AR extract which was diluted in 70% 
ethanol before adding it to CMA to achieve a final con-
centration of 0.02% ethanol. To discard interferences 
of the solvent and AR extract on P. cinnamomi growth, 
ethanol at 0.02% was also tested (Solvent treatment). 
Amended CMA was poured into Petri dishes (9 cm 
diam.; 20 mL per dish). CMA free of extract was used as 
experimental controls.

Using the methods of Serrano et al. (2012a), agar 
plugs (5 mm diam.) of each P. cinnamomi isolate active-
ly growing on 20% Carrot Agar (CA) were placed in the 
centres of Petri dishes containing the amended or control 
CMA. Four dishes (replicates) were prepared per isolate, 
organic extract, and dose, plus the untreated controls. 
The plates were then incubated at 25 ºC in darkness. 
Diameters of resulting colonies were measured daily for 5 
d, when the colonies of isolates P7S and PA37 covered the 
entire agar surfaces in the plates, and the trial was con-
cluded. The experiment was repeated three times. Myce-
lial growth throughout the experiment was expressed as 
the relative area under progress curve (rAUPC), as calcu-
lated using the formula (Campbell and Madden, 1990):

where: si = mycelial growth for observation number i,
smax= maximum growth value,
ti = number of days between i evaluations,
te = total period of evaluations, and
n = number of evaluations.

Data of rAUPC did not conform to normality, even 
after applying transformations, so a Kruskal-Wallis One-

Table 1. The bioactive compounds assessed in this study, from different agricultural by-product extracts.

Agricultural by-product sources Code Proportions (%) of 
phenolic compound Main bioactive compounds Reference

Asparagus Spears
Fronds
Roots

AS
AF
AR

6.33
24.80
67.83

Rutin (Quercetin-rutinoside)
Rutin (Quercetin-rutinoside)
Protodioscin

Fuentes-Alventosa et al. (2008)
López et al. (2025)
Jaramillo-Carmona et al. (2017)

Olive Fruits 
 
Leaves 

OF 
 
OL 

6.20
 

4.46

Hydroxytyrosol  
Tyrosol 
Oleuropein 
Dihydroxyphenylglycol 
 

Rodríguez et al. (2007) 
 
Romero et al. (2024)

Date Seeds DS 2.56 Pyrogallol Mrabet et al. (2024)
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Way Nonparametric test was carried out for repetition, 
isolate, replicate, and the combination treatment-dose as 
three independent factors. Mean values were then com-
pared using Dunn’s test (P <0.05). In addition, percent-
ages of mycelial growth inhibition respect to the untreat-
ed experimental controls were calculated. All statistical 
analysis were carried out using Statistix software 10.0 
(Analytical Software).

Effects on sporangial production. The most effec-
tive dose (0.05%) of the organic extracts (AS, AF, AR, 
OH, OF, and DS), based on results from the mycelial 
growth experiments, was tested for effects on sporangial 
production, as described by Serrano et al. (2012a). Spo-
rangial production was induced as follows: agar plugs 
(1 cm diam.) of the three P. cinnamomi isolates actively 
growing on Pea Agar (20%) were transferred to empty 
6 cm Petri dishes, and were each covered with 7 mL of 
soil extract (0.1% soil:water), prepared as described in 
Ribeiro (1978). The dishes were then incubated under 
constant light at 23 ºC, and the aqueous soil extract was 
replaced every 24 h. Twenty-four hours before each iso-
late reached maximum sporangial production, which 
happened at 56 h for isolate PE2203, and at 72 h for 
isolates P7S and PA37 (previously determined), the soil 
extract was replaced by a soil extract amended with the 
six organic extracts (above, at 0.05%). The extracts were 
diluted in water, except for asparagus root (AR) extract, 
which was diluted in 70% ethanol to a concentration of 
0.02%. As in the previous experiments, ethanol (0.02%) 
was also included to detect interference with the AR 
extract (Solvent treatment). Three plates (replicates) per 
treatment and isolate were prepared, including three 
more plates per isolate with unamended soil extract used 
as negative controls. After the last soil extract changes, 
all the plates were incubated for 24 h at 23 ºC under 
constant light, until the negative control for each isolate 
reached maximum sporangial production. At that time, 
sporangia were quantified by direct observation using an 
inverted microscope (Nikon, 400× magnification), and 
mature sporangia were counted. The experiment was 
carried out at four different times (repetitions).

Sporangial production values were referenced to the 
corresponding values of untreated controls, and were 
expressed as percentage inhibition of sporangial produc-
tion. These data were analysed using a Kruskal-Wallis 
non-parametric test, and mean values were compared by 
Dunn’s test (P < 0.05).

Extract phytotoxicity

A previous study demonstrated the lack of substan-
tial phytotoxicity of AS, OH and OL extracts at 0.1 and 

0.15% (Romero et al., 2024), so plant damage was not 
expected at dose rates of two or three times less. There-
fore, the present study focused on determining the phy-
totoxic effects of AF, AR and DS organic extracts. Firstly, 
the extracts effects were assessed on seed germination 
of Lupinus luteus, as described by Romero et al. (2024) 
(Phytotoxicity test 1). Agar medium (1.5%) was amend-
ed with each organic extract (AR, AF or DS) at 0.05%, 
using unamended plates as experimental controls. Plates 
amended with the 70% ethanol solvent of AR in a final 
dose of 0.02% were included for a further comparison 
with AR extract. Seeds of L. luteus used for the germina-
tion tests were surface sterilized (Serrano et al., 2012b). 
Six seeds were then transferred to each Petri dish with 
amended or non-amended (control) agar medium. Five 
Petri dishes (replicates) were prepared per treatment. 
All the plates were then incubated at 23 ºC with a 12 h 
photoperiod. Percentage of seed germination was deter-
mined daily for each plate over a 4 d period. Proportions 
of seed germination for each treatment were analysed by 
Kruskal-Wallis non-parametric tests, because percentag-
es did not fit normality, and means were compared using 
Dunn’s test (P < 0.05).

A second phytotoxicity test (Phytotoxicity test 2) was 
carried out  to determine effects of the organic extracts 
on L. luteus plant growth. In this case, due to extract 
availability, the two different experiments were carried 
out separately, one using asparagus extracts (AF and AR), 
and the other using DS extract. For these assays, 10-d-old 
L. luteus seedlings produced as described by Serrano et 
al. (2012b) were transferred to seedbed trays containing 
peat amended with the three organic extracts AR, AF, or 
DS, each at 0.05%. Trays with peat treated with ethanol 
(0.02% solvent) and unamended peat were included as 
experimental controls. Twelve seedlings (replicates) per 
treatment were planted. All plants were then incubated 
in a growth chamber at 23 ºC with a 12 h photoperiod, 
and were watered as required. Phytotoxicity test 2 ended 
after 37 d, when the plants started to bloom. At that time, 
plant yields were determined by measuring total plant 
lengths and fresh weights. Resulting data did not fit nor-
mality after applying transformations, so they were ana-
lysed by Kruskal-Wallis non-parametric tests, and mean 
values were compared by Dunn’s test (P < 0.05). Each 
phytotoxicity test was repeated twice.

Effects of extracts and crude residues on host plant root rot

The effects of the two organic extracts that were 
most effective in vitro and in the phytotoxicity experi-
ments, AS and DS, were evaluated on root rot develop-
ment caused by P. cinnamomi using in planta experi-
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ments. Additionally, effects of both organic extracts 
enriched in bioactive compounds were compared with 
the full crude residue used to obtain them: previously 
dried and shredded discarded asparagus spears (AS-R) 
and date seeds (DS-R).

A peat: sand substrate (1:1 vol.) was infested with 
aqueous suspension of isolate PE2203 chlamydospores, 
as described by Romero et al. (2024). Inoculum sus-
pension was adjusted to 250 viable chlamydospores per 
gram of dry soil. Four days after soil infestation, each 
treatment (AS or DS extracts and AS-R or DS-R resi-
dues) was separately added to the substrate at 0.05% 
(w/v). Substrate infested and untreated (Control 1), and 
uninfested and untreated (Control 0) were also pre-
pared as experimental controls. After treatment appli-
cations, 1-year-old holm oak seedlings were planted in 
pots (ten replicates per treatment, each pot containing 
2 L of previously prepared substrate, including con-
trols). All pots were incubated in a shade-house. One 
week after the plants were potted, all pots, including the 
controls, were placed in plastic trays without drainage 
(five pots per tray), and the trays were partially filled 
with tap water maintaining flooding for 2 d each week 
until the end of the experiment (Serrano et al., 2012a). 
The experiment was repeated twice, starting in October 
2023 for repetition 1 and January 2024 for repetition 2. 
For both repetitions, severity of foliage symptoms was 
assessed each week for each plant, using a 0 to 4 scale, 
according to percentages of yellowing, wilting, des-
iccation, and defoliation: where 0 = 0%, 1 = 1–33%, 2 
= 34–66%, 3 = more than 67%, and 4 = dead tissue; 
Romero et al., 2007). The experiments ended when the 
mean foliar symptom severity values from Control 1 
(infested and untreated) became greater than 2.5, which 
happened at 14 weeks after treatment for experiment 
repetition 1, and 27 weeks after treatment for repetition 
2. At those times, plants were removed from substrate, 
and severity of root symptoms was evaluated using 
a similar 0 to 4 scale according to percentage of root 
necrosis (Romero et al., 2007).

Evolution of foliar symptom severity during the two 
experiments was expressed as relative areas under dis-
ease progression curves (rAUDPC), calculated using the 
formula outlined above. Data of rAUDPC and severity of 
root symptoms did not conform normality after applying 
transformation, so a Kruskal-Wallis One-Way Non-par-
ametric test was carried out considering the repetitions 
and treatments as independent factors. Mean values were 
compared using Dunn’s test (P < 0.05). In addition, root 
segments from all plants, including from Control 1 and 
Control 0, were washed and plated onto PA-NARH medi-
um for re-isolation of the pathogen (Romero et al., 2024).

RESULTS

In vitro experiments

Effects on mycelial growth: Statistical analyses 
showed differences of rAUPCs among the three isolates 
(F = 8.77, P = 0.0002), so the isolate data were analysed 
separately. For each isolate, significant differences were 
observed among treatments (F = 73.65, P < 0.0001 for 
PE2203; F = 62.57, P < 0.0001 for PA37; F = 56.9, P < 
0.0001 for P7S;), while no differences were detected 
among repetitions or replicates. Although no effects 
were recorded for olive and date palm extracts, the 
three organic extracts of asparagus (AF, AS and AR) at 
both doses tested (0.025 and 0.05%) induced less myce-
lial growth than the untreated control and the solvent, 
except for AF at 0.025% for the Italian isolate (P7S) that 
did not differ from the controls (Figure 1).

Since the statistical analysis of the percentage of 
mycelial growth inhibition did not show significant dif-
ferences among repetitions (F = 0.83, P = 0.4373) and 
among the isolates (F = 1.9, P = 0.1511), Figure 2 shows 
average values for the three isolates together. The most 
inhibitory extracts were AS and AR at both assessed dos-
es, reaching inhibition percentages greater than 77%.

Effects on sporangial production: Figure 3 shows 
mean values of the percentages of inhibition of sporan-
gial production after treatment with each organic extract 
at 0.05%. Differences were found among treatments (F 
= 23.1, P < 0.0001), but not among isolates (F = 1.44, 
P = 0.2395), repetitions (F = 1.85, P = 0.1385) or repli-
cates (F = 0.46, P = 0.6338). The aqueous extracts AS, 
OL and DS, inhibited P. cinnamomi sporangial produc-
tion by greater than 84%, while AF and OF extracts gave 
lesser mean inhibition percentages (respectively, 27.4 and 
43.1%) (Figure 3). For the ethanol extract AR, although 
it induced the greatest sporangial inhibition (93%), this 
was not different from its solvent treatment.

Extract phytotoxicity

Figure 4 shows evolution of the percentage of L. 
luteus seed germination under the influence of different 
organic extracts AF, AR or DS at 0.05% in Test 1. Ger-
mination percentages did not differ (P > 0.05) from the 
untreated controls at the end of the experiment. Phyto-
toxicity symptoms, including organ deformation, dis-
colouration and/or necroses of plant tissues, were not 
observed from any treatment in Test 2. However, dif-
ferences were detected among the treatments for mean 
plant total length (F = 6.13, P = 0.0002) and mean plant 
fresh weight (F = 7.06, P < 0.0001). AR and AF induced 
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reductions in plant yields in comparison to the untreated 
controls (Figure 5).

Root rot development  

Plants growing in infested and untreated substrate 
(Control 1) developed foliar symptoms (leaf yellowing 
and wilting) typical of P. cinnamomi oak tree infections 
in field and pot experiments (Sánchez et al., 2002; Rome-

ro et al., 2007). Statistical analyses of data of develop-
ment of foliar symptoms (rAUDPC) indicated significant 
differences among treatments (F = 4.96, P = 0.0004), but 
not between repetitions (F = 1.13, P = 0.2908), so the 
rAUDPCs for both repetitions were combined in a sin-
gle analysis. As shown in Figure 6, plants treated with 
residues and extracts from asparagus or date palm had 
reduced rAUDPCs compared to inoculated and untreat-
ed plants (Control 1), not differing among them nor with 
the negative controls (uninfested, untreated).

Differences in root symptoms were detected among 
treatments (F = 14.1, P > 0.0001), but not for repetitions 
(F = 0.86, P = 0.3547), so data of both repetitions were 
combined in a single analysis (Figure 7). Plants grow-

Figure 1. Means and standard errors of relative areas under progression curves (rAUPC) for mycelial growth (after 4 d) of three Phytoph-
thora cinnamomi isolates (PE2203, PA37 and P7S) in medium amended with organic extracts (AR, AS, AF, OF, OL and DS) at 0.025 and 
0.05%, solvent (0.02% ethanol), and in unamended media (control). Bars accompanied by different letters indicate differences according to 
Dunn´s tests at P < 0.05. AR: Asparagus Root extract, AS: Asparagus Spear extract, AF: Asparagus Frond extract, OF: Olive Fruit extracts, 
OL: Olive Leaf extract, DS: Date Seed extract.

Figure 2. Mean and standard error of percentages of myce-
lial growth inhibition of three Phytophthora cinnamomi isolates 
(PE2203, PA37 and P7S) in media amended with the six organic 
extracts (AR and its Solvent, AS, AF, AL, OF and DS) at doses of 
0.025 or 0.05%. AR: Asparagus Root extract, AS: Asparagus Spear 
extract, AF: Asparagus Frond extract, OF: Olive Fruit extract, OL: 
Olive Leaf extract, DS: Date Seed extract.

Figure 3. Mean (± standard error) of Phytophthora cinnamomi 
sporangial production inhibition induced by six organics extracts 
(AR, AS, AF, OF, OL and DS) at 0.05% doses, and solvent (ethanol 
0.02%) for AR extract. Bars accompanied by different letters differ, 
according to Dunn’s test (P < 0.05). AR: Asparagus Root extract, 
AS: Asparagus Spear extract, AF: Asparagus Frond extract, OF: 
Olive Fruits extract, OL: Olive Leaf extract, DS: Date Seed extract.
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ing in substrate treated with date seed extract or residue 
(DS-E or DS-R), or with asparagus spears residue (AS-
R), developed significantly less severe root symptoms 
than the infested and untreated plants (Control 1), and 
were not different from untreated and uninoculated 
holm oaks (Control 0). AS-E plants did not differ from 
Control 1, and had significantly more severe root symp-
toms than plants in Control 0 (Figure 7). Phytophthora 
cinnamomi was re-isolated from all plants growing in 
infested substrate that was amended or not amended 
with extracts and residues (isolation proportions 36.1 to 
72.2%), but never from plants growing in uninoculated 
substrate (Control 0).

DISCUSSION

This study assessed anti-oomycete activity of 
extracts obtained from by-products of triguero asparagus 
from Huétor-Tájar (Granada), olive or date palm residues 
in experiments across the main stages of the P. cinnamo-
mi pathogenicity cycle (mycelial growth, sporangial pro-
duction, and disease development). Comparisons were 
also made between the most effective organic extracts 
enriched with bioactive compounds and the residues 
for effects on root disease development. Although previ-
ous studies have shown that extracts from different plant 
species had antimicrobial activity against phytopatho-
genic fungi (Rosado-Álvarez et al., 2014; Tucuch-Pérez 
et al., 2020) and oomycetes (Nagar et al., 2017; Lujan 
et al., 2021; Cruz et al., 2024), the studies have focused 
on in vitro experiments (Nagar et al., 2017; Cruz et al., 
2024). The present study included in vivo tests to assess 

Figure 4. Mean (and standard error) of Lupinus luteus seed germi-
nation percentages in media amended with Asparagus Root organic 
extract (AR), Asparagus Frond organic extract (AF) or Date Seed 
organic extract (DS) at 0.05%, and in unamended media (controls).

Figure 5. Mean plant lengths (and standard errors) (left), and 
mean plant fresh weights (right) for Lupinus luteus seedlings grow-
ing in peat amended with Asparagus Root organic extract (AR), 
Asparagus Frond extract (AF) or Date Seed extract (DS) at 0.05% 
concentrations, and solvent (0.02% ethanol) and unamended con-
trol. Means accompanied by different letters are different, according 
to Dunn’s test (P < 0.05).

Figure 6. Mean (and standard error) areas under disease progress 
curves (rAUDPC) of the severity of foliar symptoms on holm oak 
seedlings growing in substrate infested and treated with the aspara-
gus or date palm residues and organic extracts, or with infested 
and untreated substrate (C1) or uninfested and untreated substrate 
(C0). Means accompanied by different letters are different accord-
ing to Dunn’s test (P < 0.05).

Figure 7. Mean (and standard error) root symptoms severity scores 
for holm oak seedlings growing in substrate infested and treated 
with asparagus or date palm residues (AS-R and DS-R) or organic 
extracts (AS-E from asparagus or DS-E from date palm), and from 
infested and untreated substrate (C1) and uninfested and untreated 
substrate (C0). Means accompanied by different letters are different 
according to Dunn’s test (P < 0.05).
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the antimicrobial activity of organic plant extracts and 
their crude residues in a realistic setting. Additionally, 
the study has provided evidence of effectiveness of date 
palm and asparagus agricultural by-products for inhibit-
ing P. cinnamomi infectivity and in planta disease devel-
opment, indicating their potential for management of 
diseases caused by this pathogen.

Results from the in vitro experiments showed that the 
organic extracts most inhibitory to P. cinnamomi myce-
lial growth and sporangial production were those from 
asparagus spears (AS), olive leaves (OL) or date palm seed 
(DS). There was also a clear differential effect on pathogen 
inhibition depending on the origin of the residues within 
asparagus plants and olive trees. Extracts from asparagus 
spears and roots, at doses of 0.025 and 0.05%, strongly 
inhibited P. cinnamomi mycelial growth, while extract 
from asparagus fronds were not effective. For sporangial 
production, a similar response occurred for plant biomass. 
Inhibition percentages greater than 84% resulted from 
extracts from asparagus spears (AS) or olive leaves (OL) 
at 0.05%, while AF, AR and OF were not inhibitory. Spo-
rangial production is directly related to zoospore release, 
so inhibition of these reproductive structures reduces 
the infectivity of P. cinnamomi. Other research has also 
reported fluctuating fungicidal activity linked to plant 
biomass from compounds used against the fungal patho-
gens Botrytis cinerea, A. tenuissima, F. oxysporum, M. pha-
seolina, R. solani, as well as P. cinnamomi and P. agathi-
cida (Lawrence et al., 2019; Desoukey et al., 2020).

Differential behaviour associated with plant biomass 
could be explained by the extract phenolic profiles, since 
the composition and concentration of bioactive com-
pounds in plants is related to the particular plant organ 
(Lawrence et al., 2019; Desoukey et al., 2020), phenologi-
cal phase (Ríos et al., 2016), geographic location, culti-
var, and/or nutritional state (Borjan et al., 2020), as well 
as extraction method (Sales et al., 2016). For instance, AS 
inhibited P. cinnamomi, but AF was ineffective, although 
flavonoid rutin (quercetin 3-O-rutinoside) was the major 
phytochemical, and the asparagus frond extract had a 
total phenolic compound concentrations that was greater 
than the extract from asparagus spears extract (López 
et al., 2025). These results demonstrate the importance 
of correct selection plant biomass to effectively control 
plant pathogens. Dose should be correctly chosen, since 
the lower activity for reducing sporangial production of 
P. cinnamomi shown in the present study for olive fruit 
extract in comparison to olive leaf extract, could disap-
pear with increasing extract dose. Romero et al. (2024) 
reported that OF and OL gave sporangium inhibition of 
greater than 83% at doses of 2 or 3 times greater (0.1 and 
0.15%) than those used in the present study.

For asparagus root extract, although it did not affect 
L. luteus seed germination or plant yield in the phytotox-
icity tests, effects on P. cinnamomi sporangial production 
from the asparagus root extract could not be differentiat-
ed from those of the solvent. Further research is required 
to confirm if other solvents could be used to discriminate 
asparagus root extract effects against sporangial produc-
tion of P. cinnamomi without phytotoxic effects. 

Limited data are available on the fungicidal activity 
of date palm extracts, with most of studies being focused 
on food-based and human pathogens (Al-Tamimi et 
al., 2021). Therefore, the present study results provide 
new evidence showing that ethanolic extract from date 
palm seed had high in vitro activity against P. cinnam-
omi, reducing sporangial production (91% inhibition). 
Conversely, no effect on mycelial growth was observed. 
Bokhari and Perven (2012) reported that different leaf 
and pit extracts from Phoenix dactylifera had varying 
degrees of mycelial growth inhibition for pathogenic 
Fusarium, Aspergillus, Trichoderma and Alternaria but 
no oomycetes were assessed in their study. In general, in 
vitro data have limited value for predicting field efficacy, 
while in planta results can provide more reliable data.

The in planta experiments showed that date fruit 
seeds effectively reduced root rot development in Q. ilex 
seedlings, both as extract and as crude residue. Con-
versely, while the asparagus crude residue reduced sever-
ity of root symptoms, the extract from asparagus spears 
was effective only in vitro but not in planta. Romero et al. 
(2024) observed reductions in P. cinnamomi sporangial 
production and chlamydospore viability when treated 
with extract from asparagus spears (at 0.15%), result-
ing in low mortality of lupin plants. The different results 
obtained in the present study, when testing the efficacy 
of asparagus spear extract in planta, may have been 
due to the low dose tested. Additionally, the differences 
found in the present study between in vitro and in plan-
ta experiments for asparagus spears extracts could have 
been due to soil factors that can modify effectiveness of 
compounds and host plant responses (Goufo et al., 2010; 
Serrano-Pérez et al., 2021), compared with the in vitro 
experimental conditions where there are direct pathogen-
extract interactions. Outcomes from this study have dem-
onstrated the importance of confirming in vitro results by 
means of in planta experiments. On the other hand, the 
differential in planta behaviour found between asparagus 
spear extract and its crude residue could be explained by 
different causes. Firstly, the compositions of extract and 
residue are probably different. Although extract has great-
er total concentration of phenolic compounds, crude resi-
due has other chemical components and fibrous biomass, 
that may inf luence on effectiveness (Desoukey et al., 
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2020; Ahmad and Matsubara, 2020). Secondly, rapid deg-
radation of bioactive compounds from asparagus spear 
extract could reduce period for inhibiting P. cinnamomi 
infectivity, compared to slow release from crude residues. 
Brassica carinata effectiveness against P. nicotianae was 
also dependent on volatile compound release and expo-
sure time (Serrano-Pérez et al., 2017; 2021).

The date seed extract assessed in the present study 
directly affected P. cinnamomi by reducing sporangial 
production, and (presumably) the quantity of zoospores 
within sporangia. This effect translated into decreased 
root rot symptoms on Q. ilex seedlings infected by the 
pathogen. Previous studies have also demonstrated the 
effectiveness of agricultural by-products extracts, includ-
ing those from carob and pomegranate peel, for reduc-
ing incidence of olive anthracnose by inhibiting conid-
ium germination in Colletotrichum spp. (Pangallo et 
al., 2017; Antón-Domínguez et al., 2025). However, sev-
eral studies have reported dual action of plant extracts 
against phytopathogens, with direct antimicrobial activ-
ity combined with indirect action as resistance inducers 
(Hassan et al., 2009; Saltos-Rezabala et al., 2022; Antón-
Domínguez et al., 2025). Saltos-Rezabala et al. (2022) 
observed that although thyme essential oil had direct 
antifungal effects against Alternaria linariae, it did not 
eradicate the pathogen, but gave effective control of the 
pathogen by increasing defences of tomato plants. Recent 
studies (Serrano, personal communication) have demon-
strated preventive effects of pyrogallol against P. cinnam-
omi root rot of Q. ilex seedlings. Pyrogallol is the main 
phenolic compound in date seed extract and residue. A 
double action mode could be involved from treatments 
with date seed extracts. These results highlight the need 
for further research to determine possible activity of date 
seed residue and extract as resistance inducers during 
pathogen infection progression.

The present study results highlight the effectiveness 
of full crude residues from asparagus spears and date 
seeds, for control of root rot caused by P. cinnamomi. In 
addition, these treatments have advantages in compari-
son to extract applications, such as organic matter con-
tribution to soil structure, the possible synergic effects 
with other antagonistic microorganisms (Serrano-Pérez 
et al., 2017; 2021), and the simple and low-cost treatment 
application, that make crude plant residues effective 
alternatives for control of soilborne pathogens.

CONCLUSIONS

This study provides a first approach to develop-
ment of a potentially environmentally friendly approach 

to control P. cinnamomi root rot on Quercus species, 
based on soil applications of extracts and residues from 
agricultural crops. In particular, the promising results 
obtained for reducing P. cinnamomi infectivity and root 
rot development resulting from treatments of aspara-
gus spear residue and extracts from seeds of date palm 
fruits, indicates that they are candidates for plant patho-
gen control. Their use would also promote recycling of 
residues and “circular economies”. Effects of asparagus 
spears and date seed residues against P. cinnamomi are 
currently being evaluated under natural conditions in a 
pathogen infested field of mature Q. ilex trees.
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Summary. Citrus trees are important for fruit production, and canker pathogens can 
be constraints to tree productivity. In Italy, field surveys showed presence of different 
pathogens causing trunk and branch cankers, gummoses and shoot blight. Among 
these pathogens, Neofusicoccum parvum is aggressive and widely distributed. Suscepti-
bility of 47 Citrus genotypes was assessed using detached twig assays and an in planta 
assessment. The detached twig assay identified mandarin as the most susceptible varie-
ty (mean lesion length = 3.80 cm), followed by citrumelo ‘Swingle’ (2.83 cm), and lem-
ons (2.47 cm), whereas grapefruits (1.34 cm) and citrons (1.76 cm) had greatest levels 
of tolerance. These results were consistent with those obtained in the in planta assay, 
in which grapefruits showed greatest tolerance (mean lesion length = 1.24 cm), while 
the lemon cultivars ‘Monachello’ (7.32 cm) and ‘Femminello Siracusano 2Kr’ (6.48 cm) 
were confirmed as the most susceptible genotypes. This study provides the first over-
view assessment of susceptibility of different Citrus species to infection by N. parvum.

Keywords.	 Botryosphaeriaceae, citrus gummosis, phenotyping, resistance, detached 
twig assay, in planta assay.

INTRODUCTION

Citrus species are important tree crops in terms of total production 
and harvested areas (FAOSTAT, 2025). Among the top producing coun-
tries, China, Brazil, and India account for the greatest production of tange-
rines, oranges and lemons (Pereira Gonzatto and Scherer Santos, 2023). In 
Europe, Spain and Italy are key citrus fruit producers (Beshara et al., 2024). 
In Italy, the southern regions of Sicily, Calabria and Campania are the most 
suitable areas for citrus cultivation, with Sicily having the largest planta-
tions (Ciriminna et al., 2024). These regions produce important local cit-
rus products that are protected by the EU geographical indications system, 
including protected designation of origin (PDO) and protected geographical 
indication (PGI). Historically, Italian citrus orchards have been affected by 
severe diseases, including the “mal secco” caused by Plenodomus tracheiphi-
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lus (homotypic synonym, Phoma tracheiphila), and the 
virus disease “Tristeza” caused by Closterovirus tristezae 
(formerly citrus tristeza virus; CTV). These pathogens 
shortened orchard lifetimes and severely reduced eco-
nomic returns for growers (Catalano et al., 2021; Leon-
ardi et al., 2023; Sun et al., 2024).

Citrus and other perennial crops, represent long-
term grower investments, as productivity increases and 
stabilizes several years after orchard establishment, and 
then lasts for many years. Canker pathogens are severe 
threats to fruit orchard lifespans. Canker-causing patho-
gens usually do not completely compromise annual pro-
duction, but overall yields are reduced over time (Moral 
et al., 2019).

Although canker pathogens can infect many Citrus 
species, these fungi in Italy were restricted to lemon, with 
only a few reports on other citrus (Scaramuzzi, 1965). 
However, canker caused by fungi has long been recog-
nized in other countries (Adesemoye et al., 2014; May-
orquin et al., 2016; Vakaloumakis et al., 2019; Bezerra 
et al., 2021; Kayim et al., 2024; Gusella et al., 2025), but 
studies focused on the citrus canker etiology. Botryospha-
eriaceae, Diaporthaceae, and Diatrypaceae have been 
identified as the main taxonomic groups involved on the 
hosts Citrus limon, C. paradisi, C. sinensis, C. latifolia, C. 
unshiu, C. aurantifolia, C. medica, C. aurantium, C. retic-
ulata, Microcitrus australasica, citrumelo Swingle, and 
citrange Carrizo (Adesemoye et al., 2014; Mayorquin et 
al., 2016; Vakaloumakis et al., 2019; Bezerra et al., 2021).

In Italy, recent investigations conducted in differ-
ent citrus production areas, on crops of C. limon, C. 
bergamia, C. sinensis × C. clementina, C. aurantium, or 
C. paradisi, showed a wide fungus pathogen diversity 
associated with branch and trunk cankers, referred to 
as “Bot gummosis disease”. Neofusicoccum parvum (Bot-
ryosphaeriaceae) was in the most common pathogen in 
all the surveyed areas and was the most aggressive in the 
pathogenicity tests (Aloi et al., 2021; Gusella et al., 2025). 
Other species, in addition to the well-recognized Bot-
ryosphaeriaceae spp., have been characterized and were 
particularly aggressive, particularly Boeremia exigua and 
Neocosmospora metavorans (Gusella et al., 2025). N. par-
vum was isolated from symptomatic hybrids of C. sinen-
sis × C. reticulata in Greece (Vakalounakis et al., 2019), 
mandarin in Turkey (Kurt et al., 2025), sweet orange in 
California (Adesemoye et al., 2014), and Satsuma manda-
rin in China (Xiao et al., 2021).

Phenotypic screening of plant species and/or culti-
vars, based on artificial inoculations, has been an impor-
tant starting point for research in plant breeding and 
plant pathology. For Botryosphaeriaceae pathogens, and 
N. parvum in particular, information on host suscep-

tibility is currently available only for a limited number 
of Citrus species. Specifically, the rootstock citrumelo 
Swingle (Poncirus trifoliata x Citrus paradisi) is consid-
ered to be tolerant to N. parvum, while ‘Piretto’ and ‘Lia 
Kritis’ citrons have intermediate tolerance, and ‘Fem-
minello Siracusano 2Kr’ and ‘Monachello’ lemons are 
considered to be susceptible to Bot gummosis disease 
(Vakaloumakis et al., 2019; Aloi et al., 2021).

The objective of the present study was to assess 
the phenotypic responses of 47 Citrus genotypes to the 
infection by N. parvum, using detached twig assays and 
in planta inoculations. This allowed us to verify consist-
ency between the two inoculation approaches and evalu-
ate their respective strengths and limitations in plant 
pathology research, and for phenotypic screening for 
marker-trait association studies.

MATERIAL AND METHODS

Plant material

Responses to infection by N. parvum were investi-
gated in 47 Citrus genotypes. Thirty-eight were used in 
detached twig assays and 24 were assessed in an in plan-
ta assay, with 15 of the genotypes used in both experi-
ments (Table 1). Plant samples for the detached twig 
assays were collected from the Citrus germplasm collec-
tion located at the Experimental farm of the University 
of Catania (UniCt) (Sicily, Italy; latitude, 37°24′33″N; 
longitude, 15°03′20″E; altitude, 10 m asl). The UniCt 
germplasm collection is mainly composed of local vari-
eties complemented with some of the most widely cul-
tivated at national and international levels. Plants were 
all of similar age (~ 15-years) and were maintained in 
four replicates under standard agronomic practices. 
The plants used for the in planta assay were supplied by 
a local citrus-specialized nursery, were maintained in 
open-air conditions, and were of 2-years-old after graft-
ing. They were grafted onto sour orange rootstock and 
grown in 5 L capacity pots containing a mixture of natu-
ral soil and peat.

Detached twig assays

Detached twig inoculations were conducted as fol-
lows: a total of eight growing twigs (each approx. 20 cm 
long), lignified but still green, were sampled from three 
plants (biological replicates) of each selected host geno-
type. The sterilization and inoculation procedures were 
conducted according to Catalano et al. (2025), as out-
lined in Figure 1.
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Table 1. List of the plant genotypes used in detached twig and/or in planta assays.

Species Genotype Detached twig assays In planta assay

Sweet orange (C. sinensis) Valencia x
Ovale x
Navelina x x
Lane Late x
Tarocco Sant’Alfio x
Tarocco Meli x
Washington navel x
Tarocco Sciré x x

Sour orange (C. aurantium) Sour orange x
Mandarin and mandarin-like 
hybrids (C. reticulata)

Tardivo di Ciaculli (6022A2 clone) x x
Nova x x
Tacle x x
Clementine x x
Tardivo di Ciaculli o.l. (old line) x
Clementine tardivo x
Mandalate x
Comune x

Lemon (C. limon) Sfusato Amalfitano x
Sfusato di Procida x
Interdonato x x
Femminello Zagara Bianca x x
Femminello Siracusano 2Kr x x
Monachello x
Femminello Siracusano m296 x
Quattrocchi x
Fino x
Femminello Fior d’Arancio x
Monachello Continella o.l. x
Femminello Adamo x

Citron (C. medica) Diamante x
Citron-like 
(C. limoni-medica)

Vozza_vozza (lemon x pummelo hybrid) x
Spatafora x
Piretto x x
Limone Rosso x

Grapefruit (C. paradisi) Ruby x x
Star Ruby x

Bergamot (C. bergamia) Femminello x x
Castagnaro x
Fantastico x x

Lime, limetta and their hybrids Lime (C. aurantifolia) x x
Eustis (limequat, C. aurantifolia x F. japonica) x
Limetta Romana (C. limetta) x
Palestina sweet lime (C. limettoides) x

Fortunella spp. Kumquat (F. japonica) x x
F. obovata x

Other Citrumelo Swingle (Poncirus trifoliata x C. paradisi) x
Meyer (C. meyerii) x
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Inoculum consisted of N. parvum mycelium/agar 
plugs (5 mm diam., obtained using cork borer), derived 
from active 7-d-old colonies N. parvum isolate CT84, 
grown on potato dextrose agar (PDA; Lickson). Iso-
late CT84 was previously molecularly characterized by 
Gusella et al. (2025). Eight twigs were used per host gen-
otype. Inoculation points were not sealed to allow fur-
ther manipulation of detached shoots, since the humid-
ity inside the plastic boxes containing the twigs was 
sufficiently high for infection establishment. The plastic 
boxes (20 × 15 × 8 cm) were each filled with approx. 20 
g of sterile perlite, to which 200 mL of water was added 
to maintain optimal humidity, and were used as humid 
chambers for the inoculated hos twigs. The plastic boxes 
were then moved into a growth chamber, set at 25 °C (± 
1 °C), and a 12 h light 12 h dark cycle. r photoperiod at 
25 ± 1 °C for five days. Wounded twigs inoculated with 
non-colonized sterile PDA plugs served as negative inoc-
ulation controls. Five days after inoculation, photographs 
of the inoculated stems were taken, and lesion lengths 
were assessed using the software ImageJ (Schneider et 

al., 2012). Representative shoots were randomly collected 
from ten genotypes (three twigs per genotype) after dis-
ease assessments, and fungus re-isolations were conduct-
ed to determine if Koch’s postulates were fulfilled. Re-
isolations was conducted as follows: discoloured parts of 
twig tissue (0.5 × 0.5 cm) were excised, then surface ster-
ilized for 1 min. in 1.5% sodium hypochlorite (NaOCl) 
solution, rinsed in sterile distilled water, dried on sterile 
absorbent paper, and then placed in Petri plates contain-
ing PDA amended with 100 mg L-1 of streptomycin sul-
fate to prevent bacterial growth. The Petri plates were 
then incubated in the dark at 25 (± 1 °C) for 3-5 d. until 
fungus colonies emerged and were ready for morphologi-
cal examinations.

In planta inoculations and disease assessments

An in planta assay was carried out using a total of 
24 plant genotypes (Table 1). Three plants (biological 
replicates) were used for each genotype, and three twigs 

Figure 1. Scheme for detached twig assay procedure. Graphic created using BioRender.com.

http://BioRender.com


247Susceptibility of Citrus germplasm to canker caused by Neofusicoccum parvum

were inoculated for each plant. Inoculations were con-
ducted using the mycelium plug technique (described 
above) and N. parvum isolate CT84. The plants were 
maintained outside, to expose them to high humidity 
conditions required for infection, and the inoculation 
site on each plant was sealed with plastic film. Disease 
assessments were carried out 15 d after the inocula-
tions. Inoculation controls consisted of plants (one for 
each genotype) that were wounded and inoculated with 
sterile PDA plugs.  Plants were visually inspected, lesion 
lengths were measured using a caliper, and presence of 
gummosis, wilting, blight, and pycnidia were recorded 
for each plant genotype. The plants were kept outside, 
were regularly watered, and temperature and humidity 
were monitored using a datalogger. Re-isolations were 
carried out (as described above) for a randomly selected 
group of inoculated plants.

Statistical analyses of data

Descriptive statistical analyses (means, standard 
deviations, standard errors) were obtained using the 
‘stat’ package, and plots using the ‘ggplot2’ package, 
both within R software (version 4.1.0, R Core Team, 
2021, Wickham et al., 2016). Levene’s test (median-cen-
tered) indicated heteroscedasticity among genotypes (P 
= 0.007). Therefore, the data were analyzed using linear 
mixed-effects models to account for variance heteroge-
neity and biological replication, using the ‘lme4’ pack-
age in R. Data analyses were carried out separately for 
each host species and genotype, to account for potential 
species-specific responses to N. parvum inoculations. 
A subset of 15 host genotypes, which were tested with 
using the detached stem and in planta methods, was 
further analyzed to evaluate agreement between the two 
inoculation methods, for classifying citrus genotypes as 
low susceptible (LS), mild susceptible (MS), high suscep-
tible (HS), and very high susceptible (VHS). To classify 
genotypes into these susceptibility classes, an unsuper-
vised k‑means clustering approach was applied to the 
mean disease severity values obtained from the detached 
twig and in planta inoculation assays. For each data-
set, k‑means clustering was carried out with k = 4, and 
the resulting cluster centroids were ordered from least 
to greatest susceptibility. Class boundaries were then 
defined as the midpoints between adjacent centroids, 
yielding the four ordinal categories (Supplementary 
Table 1). Each genotype was assigned independently to 
one of these categories for the two inoculation meth-
ods. Agreement between the detached and the in planta 
classifications was subsequently evaluated using Cohen’s 
Kappa coefficient, which quantified the level of concord-

ance between the four category ratings while adjusting 
for chance agreement. These analyses were carried out 
using the irr and classInt packages in R.

RESULTS

Detached twig assays

Necroses due to N. parvum infections were clearly 
visible 5 d after inoculations, when samples were assessed 
(Figure 2). The calculated mean lesion lengths were var-
ied between the host genotypes, ranging from 1.24 cm 
(± 0.41 cm) for the grapefruit ‘Ruby’ to 5.66 cm (± 0.49 
cm) for the mandarin ‘Clementine’ (Figure 3 A). Eight-
een genotypes out of the 37 assessed had mean necro-
sis lengths less than 2 cm, while the lemon ‘Femminello 
Zagara Bianca’ (mean = 3.07 ± 0.49 cm) and the manda-
rins ‘Tacle’ (4.1 ± 0.40 cm), ‘Mandalate’ (5.10 ± 0.49 cm), 
‘Tardivo di Ciaculli’ (5.16 ± 0.42 cm), and ‘Clementine’ 
(5.66 ± 0.49 cm), developed lesions of lengths greater 
than 3 cm (Figure 3 A, Supplementary Table 2).

Mandarin was the most susceptible to N. parvum 
infections (mean lesion length = 3.80 ± 0.20 cm), fol-
lowed by citrumelo Swingle (2.83 ± 0.46 cm), and lem-
ons (2.47 ± 0.19 cm), while the most tolerant host were 
grapefruits (1.34 ± 0.34 cm) and citrons (1.76 ± 0.27 cm). 
Limes and citrons had medium to low susceptibility, 
with respective mean lesion lengths of 1.82 cm (± 0.29 
cm) and 1.75 cm (± 0.27 cm) (Figure 3 B, Supplementary 
Table 3).

In all samples tested, re-isolations confirmed pres-
ence of the inoculated fungus N. parvum. Wounded 
control twigs inoculated with non-colonized sterile PDA 
plugs did not develop necroses.

In planta assay

In planta inoculations were carried out in open air, 
and a datalogger was used to monitor temperature and 
humidity during the assay (Supplementary Table 4). 
Average temperature and relative humidity when symp-
toms became visible were, respectively, of 19.8 °C and 
62.1%. These conditions contributed to rapid onset of 
symptoms (Figure 2 B).

The lemons ‘Monachello’ (mean lesion length = 7.32 
± 1.04 cm) and ‘Femminello Siracusano 2Kr’ (6.48 ± 
1.04 cm) developed the largest necrotic lesions (Figure 4 
A). Sweet orange ‘Valencia’ had the smallest lesions (0.72 
± 1.04 cm) (Figure 4A; Supplementary Table 5). Most of 
the genotypes (18 of the 24 tested) had mean necrosis 
lengths greater than 2 cm.
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The in planta assay evaluated a total of eight host 
species. Grapefruits were confirmed to be the most toler-
ant to N. parvum, with a mean lesion length = 1.24 cm 
(± 1.30 cm), while the most susceptible were the For-
tunella spp. Mean length = 5.14 cm; ± 1.30 cm) (Figure 4 
B, Supplementary Table 3).

Re-isolations confirmed presence of N. parvum in all 
the processed samples, whereas the wounded non-inocu-
lated control plants showed no necroses and only slight 
suberization at the wound sites.

Most genotypes (19 out of 24) exhibited gum pro-
duction at inoculation sites in at least one replicate, 
whereas ‘Comune’ mandarin was the only genotype that 
produced pycnidia on the lesions without other symp-
toms (Supplementary Table 6, Figure 2, C to E). The 
mandarins ‘Clementine’, ‘Tacle’, and ‘Tardivo di Ciacul-
li’, and the sweet orange ‘Tarocco Sciré’, only developed 
blighting, with no pycnidia or gummoses. In contrast, 
the sweet oranges ‘Navelina’ and ‘Ovale’, and the lem-
ons ‘Femminello Siracusano 2Kr’, ‘Femminello Zagara 
Bianca’, ‘Interdonato’, and ‘Monachello’, developed gum-
moses, pycnidia, and shoot blight.

Comparison of results from the two pathogenicity 
test methods gave a low positive correlation (Cohen’s 

Kappa coefficient of 0.26). According to the Landis 
and Koch (1977) scale, this value corresponds to “fair 
agreement”. The confusion matrix (Table 2) shows that 
seven genotypes were assigned to the same categories 
for the two inoculation methods, namely ‘Ruby’ grape-
fruit, ‘Femminello’ bergamot, lime, ‘Nova’ mandarin, 
‘Navelina’ sweet orange, ‘Femminello Zagara Bianca’ 
lemon, and Clementine mandarin (Supplementary 
Table 7). Three genotypes were assigned into differ-
ent susceptibility categories, with a difference of one 
category (the citron-like ‘Piretto’, ‘Interdonato’ lemon 
and ‘Tacle’ mandarin), four differed by two catego-
ries (kumquat, ‘Fantastico’ bergamot, ‘Tarocco Sciré’ 
sweet orange, ‘Femminello Siracusano 2Kr’ lemon), 
and one (‘Tardivo di Ciaculli’ mandarin) differed by 
three categories. Where discrepancies in susceptibility 
classification were observed between the two inocula-
tion methods, susceptibility was generally greater in 
the in planta assays than in the detached twig assay. 
The only exception was ‘Tardivo di Ciaculli’ manda-
rin, which was classified as very high susceptibility in 
the detached twig assays but as low susceptible in the 
in planta assay.

Figure 2. A) necroses developed from inoculation points on detached Citrus twigs (each background square is 1 cm2). B) In planta assay 
showing necrosis upward and downward from an inoculation point sealed with Parafilm. C) Black pycnidia (red circle) developed on a 
necrotized area. D) Gum exudate from a canker lesion. E) Shoot blight on a plant shoot.
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Figure 3. Barplots (A) and boxplots (B) showing results obtained in the citrus genotypes analyzed through the detached twig assay for 
susceptibility to Neofusicoccum parvum. In the boxplots (B), different letters accompanying the means indicate statistically significant differ-
ences (P < 0.001), according to post hoc Tukey HSD tests.
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Figure 4. Bar plots (A) and boxplots (B) showing results obtained for Citrus genotypes analyzed using the in planta assays for susceptibility 
towards Neofusicoccum parvum. In the boxplots (B), different letters accompanying the means indicate statistically significant differences (P 
< 0.001), according to post hoc Tukey’s HSD tests.
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DISCUSSION

Previous field and laboratory studies conducted in 
Italy have elucidated the etiology of traditionally named 
“Dothiorella gummosis” of citrus plants, showing that 
more than one fungus is causes canker and canker-relat-
ed symptoms in different Citrus species in Italy (Gusella 
et al., 2025). Symptoms of canker and gummoses along 
trunks and at branch insertion sites were attributed to 
Diplodia natalensis and Dothiorella gregaria (Eckert and 
Brown 2000; Klotz 1978; Savastano 1932). Among the 
fungi involved in these diseases, N. parvum has been the 
most common pathogen in all previously surveyed areas, 
showing also the greatest aggressiveness in pathogenicity 
tests (Gusella et al., 2025).

The present study is the first overview, using the 
experimental conditions described, of susceptibility of 
different citrus species to the N. parvum infections. Only 
sporadic and outdated observations have been reported 
in Italy (Aloi et al., 2021; Savastano 1932; Grasso and 
Polizzi, 1988). The present study is the first to assess N. 
parvum susceptibility of a large germplasm collection 
that includes many economically important species of 
economic interest, for their importance for fruit pro-
duction and/or as ornamental plants or rootstocks. The 
citrus market is characterized by diverse products, geo-
graphical dynamism, and is important to the economies 
of many countries (Zhong and Nicolosi, 2020).

Investigations conducted on trunk and shoot canker 
and gummoses have mainly focused on disease etiol-
ogy, but many fungi (Botryosphaeriaceae, Diaporthaceae 
and Diatrypaceae) have been isolated from symptomatic 
Citrus species and assessed for the pathogenicity (Ade-
semoye et al., 2014; Mayorquin et al., 2016; Vakalouma-
kis et al., 2019; Bezerra et al., 2021; Kayim et al., 2024; 
Gusella et al., 2025). Only no or limited data were avail-
able on susceptibility of different Citrus species. Sus-
ceptibility comparisons among different hosts have not 
been the immediate goal of etiology studies, which have 

concentrated on ascertaining the roles of the potential 
etiological agents isolated from samples. In the present 
study, the predominant role of N. parvum was deter-
mined in the etiology and distribution of disease (Gusel-
la et al., 2025). The responses of broad and varying 
germplasm collection to this pathogen were evaluated.

Results from these experiments confirmed host/
pathogen compatibility, and identified mandarins and 
mandarin-like species, and lemons, as the most suscep-
tible to N. parvum under the experimental conditions 
used. Detached twig inoculation is a widely used tech-
nique, especially for preliminary pathogenicity tests or 
other similar experiments (León et al., 2020; Beluzán et 
al., 2022; Luo et al., 2022). This technique is simpler to 
set up than in planta inoculations, so was adopted for 
preliminary screening of large numbers of host geno-
types. Only some representative host genotypes were 
selected for the in planta assay. Although the detached 
twig assay gave positive assay results, as also previously 
confirmed for almond inoculated with Diaporthe amyg-
dali (Catalano et al., 2025), results from the in planta 
assay suggest that the detached twig inoculations need 
to be confirmed by in planta inoculations. The detached 
twig assays were reliable and rapid, as a starting point 
for large host phenotype screening, but should not be 
considered the only method for host screening.

Experiments conducted on walnut blight showed 
requirement for field testing in conjunction with detached 
leaf assays (Jiang et al., 2019). In contrast, for almond, 
tolerance levels assessed by detached twig and in planta 
assays were consistent (Catalano et al., 2025). In the pre-
sent study with Citrus hosts, discrepancies between the 
two inoculation methods were detected. Seven genotypes 
were classified in the same susceptibility categories by the 
two inoculation methods, including ‘Ruby’ grapefruit, 
‘Femminello’ bergamot, lime, ‘Nova’ mandarin, ‘Nave-
lina’ sweet orange, ‘Femminello Zagara Bianca’ lemon 
and Clementine mandarin, while three genotypes were 
classified with one class difference (citron-like ‘Piretto’, 

Table 2. Confusion matrix showing agreement between susceptibility class assignments obtained from detached twig assays and the in 
planta assay. Susceptibility classes are: low susceptible (LS), mild susceptible (MS), high susceptible (HS), and very high susceptible (VHS).

 
Categorization in the in planta assay

LS MS HS VHS

Categorization in the 
detached twig assays

LS 3 2 3 0
MS 0 3 0 1
HS 0 1 0 0

VHS 1 0 0 1

Colour legend same categorization 1 class difference in 
categorization

2 classes difference in 
categorization

3 classes difference in 
categorization
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‘Interdonato’ lemon and ‘Tacle’ mandarin), four differed 
by two classes (kumquat, ‘Fantastico’ bergamot, ‘Tarocco 
Sciré’ sweet orange, ‘Femminello Siracusano 2Kr’ lemon), 
and one (‘Tardivo di Ciaculli’ mandarin) differed by three 
classes. Where these discrepancies occurred, susceptibil-
ity was generally greater in the in planta assay than in the 
detached twig assays, with the only exception being ‘Tar-
divo di Ciaculli’ mandarin, which was classified as very-
high susceptible in the detached twig assay but as low sus-
ceptible in the in planta assay.

These discrepancies in assignment to different sus-
ceptibility classes emerged from the Cohen’s Kappa coef-
ficient calculations and the confusion matrix between 
the two inoculation methods, were probably a result of 
the small sample size that amplified differences between 
the class categorizations (Sim and Wright, 2005). The 
susceptibility classes were calculated independently 
for each assay, which may have further contributed to 
these differences. Plant susceptibility tests are generally 
considered more reliable when performed in planta, as 
detached assays, or assays conducted on excised plant 
tissues, may lead to overestimation of host plant suscep-
tibility (Orlowska et al., 2013). This was not the case in 
the present study, where susceptibility was consistently 
greatest for particular host genotypes when inoculated in 
planta, highlighting high aggressiveness of N. parvum.

The aim of the present study was to evaluate 
responses of the different Citrus germplasms to N. par-
vum, and both the methodologies used showed that all 
the tested plant lines were susceptible to infection by 
this fungus, but with differences in susceptibility. While 
in planta inoculations provide accurate assessment of 
susceptibility, the detached twig method enabled evalu-
ation of many genotypes, so was suitable for prelimi-
nary large‑scale phenotyping that could be used for crop 
breeding. The fair agreement between the two inocula-
tion methods (Cohen’s Kappa coefficient = 0.26) further 
supports the suitability of the detached twig assay for 
this application. The importance of in planta inoculation 
is also highlighted by the appearance of symptoms that 
were not observed in the detached twig assays, due to 
specific technical time within the protocol. Typical shoot 
blight, gum exudation and pathogen pycnidium forma-
tion were observed from the in planta inoculations.

Symptomatology of some non-lemon citrus spe-
cies observed after artificial inoculations, compared to 
field surveys, could be due to several factors. Disease 
development in the field is unpredictable due to variable 
inoculum pressure in different groves, and the different 
environmental/agronomic conditions within each grove 
(Ben-Hamo et al., 2020; Veresoglou et al., 2013). Dif-
ferent host susceptibility responses have been observed 

elsewhere between controlled and field conditions (Jiang 
et al., 2019). Grapefruit was the least susceptible to N. 
parvum in both of the present study assays. Field obser-
vations (Gusella et al., 2025) showed that grapefruit is 
highly susceptible to another Botryosphaeriaceae species, 
Neoscytalidium dimidiatum, as also observed in Califor-
nia (Dr. Themis Michailides, personal communication). 
These observations highlight the difficulties for disease 
management, especially when etiologies are complex. 
Results from the present study confirm that all citrus 
are potentially susceptible to the canker-causing patho-
gen N. parvum, but, until now, the disease seems to be 
particularly evident and aggressive on lemon species in 
the region of this research. However, the polyphagous 
behaviour of this pathogen, its wide distribution, the 
susceptibility of different Citrus species, and the inter-
cropping of citrus in the local territory, as well as in 
many Mediterranean environments, emphasize the risks 
from potential inter-species infections.

CONCLUSIONS

This study has provided the first assessment, using 
the described experimental conditions, of susceptibility of 
a broad group of Citrus genotypes to the important path-
ogen N. parvum. Although only one isolate of this fungus 
was used, the results provide insights into the responses 
of host germplasm to N. parvum infection. Nevertheless, 
a broader picture of susceptibility could be obtained by 
testing multiple fungal isolates, since populations of a 
fungal species consist of numerous isolates that may dif-
fer in their levels of virulence. Our research also estab-
lishes practical criteria for reliable phenotyping, forming 
a solid basis for future screening efforts aimed at citrus 
genetic improvement. While the detached twig assay rep-
resents a valuable tool preliminary for large‑scale pheno-
typing, in planta assay confirmed to provide a more accu-
rate assessment of susceptibility. Our results showed that 
all tested genotypes are susceptible under artificial inocu-
lation, revealing mandarins and mandarin-like species, as 
well as lemons, as the most susceptible. The variability in 
susceptibility observed suggests the possible presence of 
tolerance sources, which merits further investigation to 
elucidate the genetic determinants underlying citrus tol-
erance towards N. parvum.
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New or Unusual Disease Reports

Powdery mildew infection of neem in the 
Dominican Republic; another tropical host of 
Erysiphe necator
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Summary. This study identified the causative agent of powdery mildew on 
Azadirachta indica (Sapindales, Meliaceae) in the Dominican Republic, using molecu-
lar phylogenetic analysis of internal transcribed spacer (ITS) and large subunit (LSU) 
sequences of rDNA, and morphological examinations. The infection was caused by 
Erysiphe necator, a pathogen primarily associated with Vitis spp. Together with other 
recent reports of E. necator on different host plants in Brazil, the host range of this 
pathogen has been expanded in tropical regions of Central America and the Caribbean 
region.

Keywords.	 Erysiphales, Azadirachta indica, host range expansion, phylogenetic analy-
sis.

INTRODUCTION

Azadirachta indica A. Juss., (Meliaceae), commonly known as neem, 
margosa, nimtree, or Indian lilac, is an evergreen tree, whose native range 
is Assam to Indo-China, but is naturalized and grown in tropical and sub-
tropical regions, including the Dominican Republic (POWO, 2025). Neem is 
valued for its ecological resilience, and for its medicinal and pesticidal prop-
erties, including antibacterial, antiviral, antifungal, anti-inflammatory, and 
antioxidant effects. In medicine, neem is used to treat illnesses including 
eye disorders, nose bleeding, loss of appetite, and liver problems. Because of 
its various pharmacological and therapeutic effects, neem is included in the 
Ayurvedic pharmacopoeia and cosmetic industry (Gupta et al., 2017; Gau-
tam and Mittal, 2021). Active substances in neem, including azadirachtin, 
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nimbin, nimbidin, and gedunin, have strong biological 
effects on range of pathogens and insect pests, making 
extracts from this plant important natural pesticides in 
sustainable agriculture (Koul et al., 1990; Bailey et al., 
2010). In recent decades, interest in neem has increased 
in Asia, Europe, and North America, where its poten-
tial as an ecological alternative to synthetic chemicals in 
medicine and plant protection is being explored (Singh 
et al., 2010; Tufail et al., 2025).

Powdery mildews (Erysiphaceae) are an interna-
tionally widespread group of biotrophic plant pathogens 
with approx. 10,000 known Angiosperm host species 
(Braun and Cook, 2012). Powdery mildews are typi-
cally associated with their hosts, with which they are 
co-evolutionarily related, and they differ in the level of 
specificity. Species can be distinguished by their narrow 
host ranges – one host genus or species (monophagous), 
or species with host ranges covering entire plant fami-
lies (oligophagous), as well as species with host ranges 
including numerous plant families (polyphagous) (Leb-
eda et al., 2017).

Braun and Cook (2012) showed that Erysiphe neca-
tor (previously Uncinula necator) has a narrow host 
range, including only some Vitaceae. These authors dis-
tinguished two varieties: var. necator with a host range 
including various species Vitaceae, mainly Vitis and Cis-
sus, but also Ampelopsis glandulosa var. heterophylla with 
circumglobal distribution; and var. ampelopsidis with 
a host range confined to Parthenocissus (cuspidifera, 
quinquefolia, tricuspidata, vitacea, Vitaceae) occurring in 
North America (Canada, United States of America). The 
second variety differs from var. necator in having short-
er, stiff chasmothecial appendages, that have appendages 
that are approx. 2 times (0.75 to 2.5) their chasmothecial 
diameters. Based on obvious morphological and genetic 
differences, distinguished using sequence analyses, Brad-
shaw et al. (2023) introduced the new combination Ery-
siphe ampelopsidis, as a species separate from E. necator.

Later studies confirmed occurrence of E. necator 
also on Cissus rhombifolia (Cho et al., 2012), Caryocar 
brasiliense (Caryocaraceae), and Carica papaya (Cari-
caceae) (Braun et al., 2017; Seress et al., 2021); cashew 
(Anacardium occidentale) (Fonseca et al., 2019); and 
rubber tree (Hevea brasiliensis) (Pieroni et al., 2020). 
These infections have been seen mainly in Brazil, but 
also in Hawaii, and indicate adaptation of E. necator to 
new hosts. This supports the assumption of Braun et 
al. (2017), that the important and widespread grapevine 
powdery mildew can cause infections on unrelated hosts, 
and raises epidemiological questions.

Powdery mildew infecting Azadirachta indica 
was mentioned by Braun and Cook (2012) as Pseu-

doidium azadirachtae. This species was recorded in 
Africa (Niger) and Asia (India, Pakistan). Recently, Jay-
alakshmi et al. (2024) confirmed the occurrence of Ps. 
azadirachtae on A. indica in Pune, Maharashtra (India). 
In their study, however, only microscopical observa-
tion of the anamorph stage was reported. These authors 
also mentioned previous records of powdery mildew on 
neem in Bangladesh (Mridha et al., 2005), and in Tamil 
Nadu (India) (Narayanaswamy and Ramakrishnan, 
1969). However, the specific identities of the powdery 
mildews involved cannot be verified in these cases, due 
to lack of sequence data.

Problems with identifying powdery mildew 
anamorphs on Azadirachta are further exacerbated by 
apparent occurrences of several species. Wagh et al. 
(2024) confirmed the identity of an Indian specimen 
as Erysiphe aquilegiae (s. lat.), using sequencing. How-
ever, the conidium length of 35 to 48 µm in the Indian 
collection (Wagh et al., 2024), did not agree with the 
description given for Ps. azadirachtae by Braun and 
Cook (2012), that is, conidia (22–)25–34.5 µm long. 
As with other groups of organisms, molecular biology 
methods have influenced methodological approaches 
in fungus identification, and in phylogenetic analyses 
of relationships between taxa. Standardized genomic 
DNA regions are available for molecular identifica-
tions of fungi. Sequence determination of the internal 
transcribed spacer (ITS) region of nuclear ribosomal 
DNA (nrDNA) has proven to be the most useful for 
identification of powdery mildews at the species level 
(e.g. Braun et al., 2002; 2019; Kelly et al., 2025; Yeh et 
al., 2025), while sequences of the 18S and 28S nrDNA 
regions have supported identifications and classifica-
tion of genera (Marmolejo et al., 2018; Křivánková 
et al., 2025). Although other DNA regions have also 
been tested as molecular barcodes (Inuma et al., 2007; 
Pirondi et al., 2016; Ellingham et al., 2019; Qiu et al., 
2020), the use of ITS sequences is still considered to 
be the standard for species-level DNA barcoding avail-
able for this fungal group (e.g., Kiss et al., 2020; Kelly 
et al., 2025), although ITS does not provide sufficient 
resolution at species level for some complexes of close-
ly related powdery mildew species. For these, sequenc-
ing of additional loci is necessary, as in the case of the 
Erysiphe alphitoides complex (Bradshaw et al., 2025a), 
and for North America oak powdery mildews (Brad-
shaw et al., 2025b).

The aim of the present study was to carry out a pre-
cise morphological and molecular study of neem pow-
dery mildew found in the Dominican Republic, and to 
increase knowledge of the host range of E. necator in 
tropical regions.
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MATERIAL AND METHODS

Plant material and sampling

Leaves of Azadirachta indica (Meliaceae) exhibiting 
typical powdery mildew symptoms were collected on 
March 20, 2024, at the Dr. Rafael Ma. Moscoso National 
Botanical Garden, Santo Domingo, Dominican Republic 
(18°29.8512′ N, 69°57.3432′ W; 86 m a.s.l.; collector, Kit-
ner, sample ID M17). A voucher specimen was deposited 
in the OL herbarium (Department of Botany, Palacký 
University, Olomouc, Czech Republic).

Microscopy and morphology

Leaf fragments (approx. 20 × 20 mm) were processed 
following the modified method of Shin (2000). Infected 
tissues were stained with lacto-fuchsin solution to visu-
alize fungal structures, and presence of fibrosin bodies 
was checked using 3% KOH (Lebeda, 1983). Microscope 
examinations were carried out using an Olympus BX60 
light microscope at 400× magnification. Only asexual 
morphs were developed on the leaf fragments.

Morphological traits included conidium length, 
width, and shape index, conidiophore length, foot cell 
length, number of distal cells, presence or absence of 
fibrosin bodies, and conidium germination pattern. 
Thirty conidia and 20 conidiophores were measured per 
sample (due to limited availability). Digital micrographs 
were captured using an Olympus BX60 light microscope 
equipped with an Olympus DP72 CCD digital camera, 
and measurements were carried out manually using an 
ocular micrometer.

Statistical analysis

Descriptive statistics (mean, standard deviation, 
range) were calculated for each trait using MS Excel 2010. 
To assess morphological similarity, the obtained values 
were compared with previously published data (Braun 
and Cook, 2012) for Erysiphe necator on other hosts.

Molecular identification

For molecular identification of the pathogen, the 
complete ITS and partial 28S regions (D1 and D2 
domains) of rDNA were sequenced. For amplification of 
the ITS region, the powdery mildew-specific PMITS1/
PMITS2 primers were used (first PCR; Cunnington 
et al., 2003), and ITS1-F/ITS4 primers (second PCR; 
Gardes and Bruns, 1993; White et al., 1990). Amplifica-

tion of D1/D2 domains of the 28S rDNA was carried out 
according to Takamatsu et al. (2013), using primer sets 
PM3/TW14 and NL1/TW14 for the two nested PCR 
runs. The description of the preparation of PCR mixes 
and PCR conditions for both loci is described in detail 
elsewhere (Lebeda et al., 2019).

The PCR products were visualized on agarose gel, 
purified using an enzymatic purification protocol (Kim 
and Blackshaw, 2001), and were bidirectionally sequenced 
by Macrogen Europe (Amsterdam), and assembled 
in Geneious 7.1.7 (Kearse et al., 2012). The resulting 
sequences were deposited in the NCBI nucleotide data-
base (https://www.ncbi.nlm.nih.gov/) under accession 
numbers PX397430 and PX397429, and their taxonomic 
identity was verified by BLASTn against GenBank.

For phylogenetic reconstruction, sequences from both 
sequenced regions of the M17 sample were concatenated. 
Furthermore, Erysiphe sequences containing both ITS and 
28S regions, with Golovinomyces bolayi as outgroup, were 
downloaded from GenBank (Supplementary Table 1).

Multiple sequence alignment was generated using 
MAFFT v.7 (Katoh et al., 2019), and is provided as Sup-
plementary data 1. Maximum Likelihood (ML) phyloge-
netic trees were reconstructed with RAxML (Stamatakis, 
2014). The optimum substitution model was automati-
cally selected by ModelFinder (Kalyaanamoorthy et al., 
2017), implemented in IQ-TREE (Nguyen et al., 2015; 
Trifinopoulos et al., 2016) under the Bayesian Infor-
mation Criterion (BIC). Branch support values were 
estimated using the ultrafast bootstrap approximation 
(Hoang et al., 2018), with 1000 replicates. For graphical 
presentation of the phylogenetic analyses, Bayesian Anal-
ysis (BA) was carried out in MrBayes 3.2.6 (Huelsenbeck 
and Ronquist, 2001; Ronquist and Huelsenbeck, 2003), 
implemented in Geneious 7.1.7. BA, and was performed 
under the General Time Reversible model, run for 3 M 
generations, sampled every 1000th generation, and 3000 
trees were discarded as burn-in. All other settings were 
set as the default. The resulting phylogenetic tree was 
graphically adjusted in MS Word, where posterior prob-
abilities (≥ 0.7) and bootstrap support values (≥ 70 %) 
were displayed on the main nodes.

RESULTS

Morphological characteristics

Microscope examination of the powdery mildew on 
the Azadirachta indica specimen (isolate M17) revealed 
hyaline, superficial mycelium with typical Erysiphe-like 
asexual structures. Conidiophores of the Pseudoidium 
type had mean length 68.5 ± 10.0 μm (range 46.4 to 80.5 

https://www.ncbi.nlm.nih.gov/
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μm), and had foot cells averaging 32.2 ± 2.9 μm (range 
29.3–36.6 μm). The number of distal cells per conidi-
ophore averaged 1.9 ± 0.7 (range 1 to 3). Conidia were 
cylindrical-ovoid, 28.5 ± 2.8 μm long (range 24.4 to 
34.2 μm) and 12.5 ± 1.2 μm wide (range 9.8 to 17.1 μm), 
yielding a mean length-to-width ratio (shape index) of 
2.29 ± 0.31 (Table 1).

Conidium germination occurred via single germ tubes 
emerging from conidium ends. Presence of fibrosin bodies 
was not observed, and no chasmothecia were formed even 
on heavily infected A. indica leaves (Figure 1).

Molecular identification

Sequencing of both genomic regions resulted in 
identical, high-quality electrophoretograms, allowing 
reliable molecular identification of the powdery mil-
dew infections on Azadirachta indica. The ITS region 
sequencing results of sample M17 were subjected to 
BLASTn search against the GenBank nucleotide data-
base, and this showed 100% identity with twenty pub-
lished ITS powdery mildew records from various hosts 
and countries (Supplementary Table 2). These are: Vitis 
vinifera (Azerbaijan, Canada, France, Hungary, Israel, 
Mexico, New Zealand, Pakistan, Taiwan, Thailand, 
United States of America: Abasova et al., 2018; Brad-
shaw et al., 2023; Brewer and Milgroom, 2010; Cooper 
et al., 2015; Gregorio-Cipriano et al., 2026; Gul et al., 
2025; Gur et al., 2021; Hsiao et al., 2022; Jaswa et al., 
2026; LaGreca et al., 2025; Meeboon and Takamatsu, 
2017; Péros et al., 2005; Pintye et al., 2023; Sholberg et 
al., 2005); V. coignetiae (Japan; Takamatsu et al., 2015); V. 
flexuosa (South Korea, Park et al., 2026); Caryocar bra-
siliense (Brazil; Braun et al., 2017); and Carica papaya 
(Hungary; Seress et al., 2021). The record from the Unit-
ed States of America by Brewer and Milgroom (2010) on 
Vitis vinifera (acc. no. GQ255473) represents the E. neca-
tor haplotype, which those authors also identified on V. 

aestivalis, V. labrusca, V. riparia and V. rotundifolia, From 
the 28S region comparison, greatest similarity (99.88%) 
was found in three published records of E. necator infec-
tions on V. vinifera in Mexico (Marmolejo et al., 2018) 
and V. flexuosa in South Korea (Park et al., 2026).

To verify the taxonomic status of the sample ana-
lyzed in the present study, its position relative to other 
representative Erysiphales, a phylogenetic tree was con-
structed using Genbank records containing ITS and 28S 
regions. From the list of identical ITS sequences listed 
above, only the complete acc. nos. LC777882, LC028995 
and LC028996 could be used, which were derived from 
Vitis vinifera and V. coignetiae. As a result, samples of E. 
necator from Carica papaya are not present on the phylo-
genetic tree, contrary to records of Carica papaya infec-
tions caused by E. fallax. The phylogenetic reconstruction 
using Bayesian analysis showed a well-resolved tree topol-
ogy representing main evolutionary lineages of Erysip-
haceae (Helotiales, suborder Erysiphineae) (Figure 2).

Sequences of members of Erysiphe are divided into 
six clades. The nucleotide sequence derived from the 
powdery mildew infection of Azadirachta indica from 
the Dominican Republic is placed in a separate clade, 
together with E. necator sequences from Vitis vinifera 
and V. coignetiae. Erysiphe necator along with the sister 
clade E. ampelopsidis samples, are the basal clade of Ery-
siphe (Bradshaw et al., 2023).

DISCUSSION

Results from the present study provide the first evi-
dence of E. necator occurring on Azadirachta indica in 
the Dominican Republic. The morphological charac-
teristics of the powdery mildew isolate (M17) closely 
matched the diagnostic features of E. necator described 
by Braun and Cook (2012). The conidiophore and foot-
cell dimensions of the examined material were near 
the lower limits of the wide range reported for E. neca-

Table 1. Comparative morphological characteristics of Erysiphe necator and Pseudoidium azadirachtae reported from Azadirachta indica, 
including comparison of parameters obtained in the present study (E. necator M17) with data from Braun and Cook (2012).

Parameter E. necator M17 E. necator P. azadirachtae 

Conidiophore length (µm) 68.5 ± 10.0 (46.4–80.5) 40.0–400.0 50.0–75.0
Foot-cell length (µm) 32.2 ± 2.9 (29.3–36.6) 25.0–160.0 35.0–55.0 × 7.5–11.0
Distal cells per conidiophore 1.9 ± 0.7 (1–3) – 1(–2)
Conidial length (µm) 28.5 ± 2.8 (24.4–34.2) 22.5–48.0 (22.0–)25.0–34.5
Conidial width (µm) 12.5 ± 1.2 (9.8–17.1) 12.2 11.0–19.0
Conidial shape index (L/W) 2.29 ± 0.31 2.29 –

Host range and distribution cosmopolitan, mainly Vitis spp. 
(also Carica, Caryocar) 

A. indica only; Africa (Niger), Asia 
(India, Pakistan)
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tor, while conidium size and shape index fell within 
the mean reference values for this fungus. The molecu-
lar analyses confirmed that the powdery mildew found 
on Azadirachta indica in the Dominican Republic is E. 
necator. The collection M17 from A. indica nested within 
a strongly supported E. necator lineage (1.00 PP / 100 
BS) containing sequences from grapevine (Vitis spp.).

Previous reports of powdery mildew on A. indi-
ca have been consistently assigned to Pseudoidium 
azadirachtae as the causative agent of infections (Braun 
and Cook, 2012; Jayalakshmi et al., 2024). A compara-
tive analysis (Table 1) distinguished E. necator from P. 
azadirachtae. According to Braun and Cook (2012), P. 

azadirachtae has shorter and narrower conidia, and few-
er distal cells per conidiophore, than A. indica. Fibrosin 
bodies do not occur in both species.

It is almost impossible to reliably distinguish indi-
vidual powdery mildew species within Erysiphe anamo-
rphs (Pseudoidium) only based on morphological analy-
ses (Cook et al.,1997, 2009). Therefore, it is currently not 
possible to clarify the taxonomic affinity of P. azadirach-
tae. As type material of Oidium azadirachtae is not pre-
served, according to Art. 9.12 (Madrid Code) it would be 
absolutely necessary to designate the original illustration 
(Narayanaswamy and Ramakrishnan, 1969: Figure 25) 
as lectotype, and an Indian specimen morphologically 

Figure 1. A and B, Symptoms of powdery mildew observed on Azadirachta indica in the field. C, Conidium of Erysiphe necator. D, Conidi-
ophore of Erysiphe necator with twisted foot-cell.
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Figure 2. Phylogenetic tree based on Bayesian analysis (BA) of the ITS and 28S rDNA alignment, demonstrating the identity of Erysiphe 
necator infections from Azadirachta indica (in bold font) or Vitis spp. NCBI accession numbers and in parentheses. Bayesian posterior 
probabilities (≥ 0.7), and bootstrap support values for maximum likelihood (≥ 70%) are shown on main tree nodes.
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in concordance with the original description should be 
designated as epitype with ex-epitype sequences. This 
would elucidate the phylogenetic-taxonomic status of 
this species. A morphological comparison between P. 
azadirachtae and the anamorph of the grapevine pow-
dery mildew is difficult or impossible, mainly due to 
the great variability of the asexual morph of E. necator 
(Braun and Cook, 2012). In contrast to the very long 
conidia of E. aquilegiae s. lat. on neem in India (Wagh 
et al., 2024), the conidium size of the powdery mildew 
on this host in the Dominican Republic aligns with the 
original description of O. azadirachtae (Narayanaswamy 
and Ramakrishnan, 1969; Braun and Cook, 2012).

Tropical/subtropical regions host many species, 
with recent studies finding new species of Erysiphe, 
Podosphaera, and other genera, on various hosts in 
regions including Taiwan, Indonesia, Thailand, and 
Australia (Kiss et al., 2020; Kelly et al., 2025; Yeh et al., 
2025). In Southeast Asia alone, 14 genera and 96 spe-
cies have been documented. Among these, Erysiphe is 
the most species-rich genus (25 species), and several of 
its members are of major economic importance in tropi-
cal agriculture. Among the important pathogen species, 
E. necator, which causes grapevine powdery mildew, 
has been recorded throughout Southeast Asia, including 
from Thailand, Cambodia, Indonesia, Malaysia, Myan-
mar, and Vietnam, and additionally on cultivated straw-
berry (Fragaria × ananassa) in the Philippines (Aumen-
tado et al., 2023). This is, however, a highly dubious host 
record (Aumentado et al., 2023), based solely on an entry 
in a checklist without morphological data or molecular 
confirmation.

Beyond Southeast Asia, significant powdery mildew 
diversity has also been documented in other tropical 
regions. A comprehensive survey in Puerto Rico iden-
tified 14 species on 38 host plants, with Erysiphe being 
the most frequent genus (University of Puerto Rico 
at Mayaguez, 2009). In Taiwan, a subtropical/tropi-
cal region with a high diversity of powdery mildews, 
recent surveys have documented multiple species across 
several genera, including Erysiphe, Golovinomyces, and 
Podosphaera (Yeh et al., 2025). Thirteen species (or spe-
cies complexes) were confirmed on 28 host plants, many 
representing new island or international records. Par-
ticularly noteworthy is the detection of E. necator on 
Ampelopsis brevipedunculata (a new host for Taiwan), 
and on Causonis japonica, which is the first host record 
for this fungus.

In warm, humid environments, the asexual (anamo-
rph) stage is often prevalent, making morphological 
identification difficult. DNA sequencing (mainly ITS 
region) is therefore crucial for species confirmations. As 

a consequence, many historical records from tropical 
plant disease surveys have identified powdery mildew 
pathogens only at genus levels, most frequently as Oid-
ium sp. Kelly et al. (2025) reported that the Australian 
climate, and in some pathogen species, broad host rang-
es, allow continual survival of asexual stages of powdery 
mildew species on multiple hosts throughout each year. 
Only a few powdery mildew species have been reported 
to develop chasmothecia in tropical and subtropical 
regions (Vaghefi et al., 2022; Aumentado et al., 2023). 

Powdery mildews are biotrophic parasites with 
highly specific linkages to their hosts, which are due to 
relatively long-term and complex co-evolutionary rela-
tionships (Bradshaw et al., 2024, 2026). Among repre-
sentatives of Erysiphaceae, there are species with very 
narrow host ranges, and species with very wide host 
ranges encompassing several families (Lebeda et al., 
2017; Mieslerová et al., 2020). Beenken (2017) reported 
that host jumps occur regularly in powdery mildews. 
This process involves isolation of certain pathogen sub-
populations, eventually leading to genetic differentia-
tions and, in the long term, speciation, resulting in suc-
cessful colonization of previously non-susceptible host 
species (Schulze-Lefert and Panstruga, 2011; Thines, 
2019). Currently, sufficient information is lacking to fully 
elucidate the processes associated with successful transi-
tion (host jump) of a given powdery mildew species to 
other plants, that enable expansion of the pathogen’s 
host spectrum. This is particularly true for host jumps to 
species belonging to other (and phylogenetically distant) 
plant families (Kusch et al., 2024).

In this context, limits to the present study are rel-
evant. The herbarium material available did not allow 
verification of infection of the host species by the patho-
gen. Thus, the current study did not fulfil Koch’s postu-
lates for the pathogen, so direct causality was not con-
firmed, but an association is indicted between E. necator 
and the symptoms observed in Azadirachta indica. The 
E. necator infection on A. indica detected was found 
outside the natural range of this host (Braun and Cook, 
2012; Gadoury et al., 2012). The present results on 
occurrence of E. necator on A. indica expand knowledge 
about the host spectrum of E. necator. The ability of E. 
necator to colonize unrelated hosts (Azadirachta, Caryo-
car, Carica, Anacardium, Hevea; Braun et al., 2017; Fon-
seca et al., 2019; Pieroni et al., 2020) indicates a broad 
ability for adaptation of this species than was previously 
recognized. Also, it supports previous hypotheses that 
cross-host infections may reflect incidental infections 
under suitable environmental conditions, or ecological 
overlaps between host species. This wide range across 
geographically and taxonomically distinct host species 
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indicates broad ecological plasticity of E. necator, and 
supports its role as a cosmopolitan pathogen capable of 
occasional host jumps.
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Summary. Brown spot of pear (BSP) is a major concern in ‘Rocha’ pear production. 
Essential oils were identified with in vitro antifungal properties against fungi isolated 
from BSP, and encapsulated formulations were developed via spray-drying. Four fun-
gal isolates from symptomatic leaf and fruit tissues of ‘Rocha’ pears were identified as 
Stemphylium vesicarium (isolates MUM 26.01 and MUM 26.02) and Alternaria arbo-
rescens (isolates MUM 26.03 and MUM 26.04) through multilocus sequencing. Sen-
sitivity of these isolates was assessed to five fungicides commonly used in Portuguese 
orchards. Tebuconazole and cyprodinil were the most effective across isolates, while 
trifloxystrobin gave limited inhibition, indicating low sensitivity of these isolates. To 
assess sustainable alternatives, 18 essential oils (EOs) were screened, showing that 
lemongrass and lemon thyme EOs were the most promising candidates, completely 
inhibiting mycelium growth and spore germination of the fungi at low concentra-
tions. Encapsulation of these two EOs on HI-CAP® 100, using spray-drying, preserved 
their antifungal activity. Chemical characterization showed that lemongrass and lem-
on thyme EOs consisted primarily of oxygenated monoterpenes, which were probably 
responsible for the high antifungal activity observed. These results highlight the poten-
tial of lemongrass and lemon thyme EOs as promising candidates for in vivo validation 
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as sustainable alternatives to synthetic fungicides for control of S. vesicarium and A. arborescens, and management of BSP in ‘Rocha’ 
pear production.

Keywords. Alternaria arborescens, Stemphylium vesicarium, fungicide sensitivity, in vitro screening.

INTRODUCTION

‘Rocha’ pear (Pyrus communis L. ‘Rocha’) is a Por-
tuguese pear variety recognized with Protected Designa-
tion of Origin (PDO) status. ‘Rocha’ pear is an impor-
tant fruit crop in Portugal, with extensive cultivation 
area and significant economic value (Lomba-Viana et al., 
2022). Production is primarily concentrated in Portugal’s 
western region, where the disease brown spot of pear 
(BSP) has become a major concern, resulting in substan-
tial yield reductions and consequent economic losses 
(Loebler et al., 2020).

Stemphylium vesicarium (Wallr.) E. Simmons is a 
plant pathogen particularly problematic for pear pro-
duction, causing BSP, and is responsible for significant 
losses of production in Italy (where it was first reported 
in the mid-1970s), Spain, France, Belgium, Poland, and 
the Netherlands (Głos et al., 2023; Cavina et al., 2024). 
Although BSP mainly affects European pear produc-
tion regions, it has recently been reported in Japan and 
Argentina (Temperini et al., 2022; Tudela et al., 2023a).

Stemphylium vesicarium has a dual lifecycle, with a 
saprophytic and a pathogenic phase (Llorente and Mon-
tesinos, 2006). During the saprophytic phase, the patho-
gen overwinters as pseudothecia on orchard debris. These 
structures develop throughout autumn and winter, and 
reach maturity at optimal temperatures of 10-15 °C, releas-
ing ascospores of Pleospora allii (Rabenh.) Ces & De Not.. 
These ascospores act as primary sources of the asexual 
conidia of S. vesicarium (Llorente et al., 2010; Cavina et al., 
2024). In the subsequent pathogenic phase, occurring dur-
ing spring and summer (the pear growing season), these 
conidia are the principal inoculum responsible for infec-
tions, with optimal disease development at temperatures 
of 20 to 25 °C (Llorente and Montesinos, 2006; Tudela et 
al., 2023a). Virulence of S. vesicarium is largely attributed 
to production of host-specific toxins, which induce leaf 
vein necroses and disrupt plasma membrane integrity of 
plant cells (Singh et al., 1999). BSP symptoms manifest 
from pear flowering to fruit harvest, with necrotic lesions 
on leaves, twigs, petioles, and mainly on fruits as circular 
brown spots, often with red haloes. These symptoms can 
expand due to invasion by saprophytic fungi, including 
Alternaria spp., causing fruit rots (Cavina et al., 2024).

Synthetic fungicides are commonly used for man-
agement of BSP, initially providing low-cost and tempo-

rary solutions (Toledo et al., 2023). However, due to the 
high disease pressures and continuous infection cycles 
through growing seasons, high numbers of fungicide 
applications at 7 to 14 d intervals may be required to 
achieve low disease levels in orchards with a high dis-
ease incidence (Llorente et al., 2012b). The dithiocar-
bamate, strobilurin, succinate dehydrogenase inhibitor 
(SDHI), dicarboximide, and triazole fungicide groups 
are most commonly used against S. vesicarium in pear 
orchards (Llorente et al., 2012b; Luz et al., 2018; Tude-
la et al., 2023b). In Portugal, several of these active 
ingredients (including tebuconazole, trif loxystrobin, 
kresoxim-methyl, dithianon, cyprodinil and copper) are 
currently authorized for pear protection against BSP, 
according to the technical guidelines of the Portuguese 
Directorate-General for Food and Veterinary (DGAV), 
and the official phytopharmaceutical database SIFITO 
(DGAV, 2024). However, their excessive and repeated 
use may lead to pathogen resistance (Yin et al., 2023). 
These products may also pose environmental and public 
health concerns, due to their toxicity, non-biodegrada-
ble nature, and long residual activity adversely affecting 
non-target organisms and the environment (Corkley et 
al., 2022; Dorjee et al., 2023; Szczygieł et al., 2024).

Natural compounds, including essential oils (EOs), 
are gaining attention as sustainable alternatives to con-
ventional agrochemicals for control of fungal diseases. 
EOs are complex mixtures of hydrophobic, fragrant, and 
volatile compounds synthesized by plants through meta-
bolic pathways (Parikh et al., 2021; Dorjee et al., 2023). 
The main biosynthetic pathways include the mevalonate 
(MVA), methylerythritol phosphate (MEP), and shikimic 
acid processes, responsible for the two major groups of 
EOs: terpenoids and phenylpropanoids (de Sousa et al., 
2023). These compounds have broad antifungal spectrum 
(Nazzaro et al., 2017), inhibiting fungal growth and pre-
venting spore germination. Their modes of action include 
disrupting cell membranes, damaging cell wall integrity, 
and interfering with mitochondrial activity (Dorjee et al., 
2023; Fincheira et al., 2023), and their antifungal activ-
ity has been extensively demonstrated in vitro conditions 
(Raveau et al., 2020). Increasing in vivo evidence also 
demonstrates their ability to suppress disease develop-
ment in treated plants (Soylu et al., 2010; Antonioli et al., 
2020; Xylia et al., 2021; Akhtari et al., 2022).
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Despite the potential benefits of using EOs in crop 
protection, the European Union (EU) currently lacks a 
comprehensive approval framework for these substances 
as plant protection products. However, some naturally 
occurring components found in EOs (thymol, geraniol, 
1,8-cineole), have been recognized as “low-risk” sub-
stances, and are included on the list of approved active 
substances outlined in Commission Implementing Reg-
ulation (EU) No. 540/2011. Particular EO constituents 
(e.g. citral and linalyl acetate) have received authoriza-
tion as f lavouring agents under Commission Imple-
menting Regulation (EU) No. 872/2012, and are deemed 
to be of low risk for consumers. Despite these regula-
tory constraints, the physicochemical properties of EOs, 
including their high volatility, rapid degradation, low 
environmental persistence, and broad-spectrum anti-
fungal activity, make them promising candidates for 
new biofungicide development. These characteristics 
align with EU initiatives including the Sustainable Use 
of Pesticides Directive, which is aimed at reducing reli-
ance on synthetic fungicides and fostering sustainable 
crop protection.

The same traits that benefit environmental com-
patibility may limit practical EO application in the 
field, due to challenges related to their stability and 
bioavailability. Nano- and micro-encapsulation tech-
niques, including spray-drying, have been increasingly 
employed to enhance stability, enable controlled release, 
and improve bioactivity of EOs (Antonioli et al., 2020; 
Altay et al., 2024). While previous studies have docu-
mented applications of the EOs against Alternaria spp., 
particularly A. alternata (Minozzo et al., 2023; Bajac et 
al., 2025), their effectiveness in addressing BSP patho-
gens in pear orchards, specifically S. vesicarium, has 
yet to be investigated. Building on this background, the 
present study aimed to identify EOs with antifungal 
activity, and, among the most effective candidates, to 
validate their in vitro efficacy by developing encapsu-
lated formulations through spray-drying. These formu-
lations are intended for use in controlling pathogenic 
fungi isolated from ‘Rocha’ pears exhibiting BSP symp-
toms. This study hypothesized that encapsulating EOs 
will enhance their stability while preserving antifungal 
activity. Eighteen EOs were screened in vitro against 
S. vesicarium isolates from ‘Rocha’ pear, to select those 
with the greatest antifungal potential. The three most 
active EOs were then encapsulated by spray-drying with 
HI-CAP® 100, and these formulations were assessed for 
inhibition of mycelium growth and conidium germina-
tion of S. vesicarium and A. arborescens isolated from 
‘Rocha’ pear.

MATERIALS AND METHODS

Isolation of fungi

Fungus isolates were obtained from leaf and 
fruit samples collected from western Portuguese pear 
orchards between September 2023 and November 2024. 
Samples of pears and leaves were surface-sterilized with 
1% sodium hypochlorite for 3 min, followed by three 
rinses with sterile distilled water. Necrotic tissues were 
then plated on Potato Dextrose Agar (PDA; Liofilchem) 
supplemented with chloramphenicol (Sigma-Aldrich) to 
inhibit bacterial growth, and were incubated for 4 d at 
25 °C. Three emerging isolates were isolated from fruit 
and one from leaf, and were transferred to PDA plates 
to establish pure cultures. Mycelium agar blocks (5 × 5 
mm) from pure cultures were preserved at room tem-
perature in vials containing sterile distilled water. The 
isolates used in this study were deposited in Micoteca 
da Universidade do Minho (MUM, Braga, Portugal). 
For inoculum preparation, isolates were each cultured in 
PDA at 25 °C for 10 d.

Identification of isolates

Fungi were cultured in Potato Dextrose Broth (PDB; 
Liofilchem) in Erlenmeyer flasks that were incubated for 
7 d at room temperature at 150 rpm. Resulting biomass 
of each isolate was collected by filtration and stored at 
-20 °C until further use. Genomic DNA was extracted 
using MagaBio Fungal Genome DNA Purification Kits 
(Bioer), following the manufacturer’s protocol. DNA 
concentration and purity were assessed using a Nan-
oDrop One spectrophotometer (Thermo Fisher Scientif-
ic), and samples were subsequently stored at -20 °C. PCR 
amplification was carried out targeting the ITS region, 
gpd gene and Alt-a1 gene, and PCR products were sent 
for Sanger sequencing. The PCR conditions and primer 
sequences used are summarized in Table S1. The quality 
of the resulting sequences was verified using Geneious 
11.1.5 software (Biomatters Limited), and the trimmed 
sequences were compared against the NCBI nucleotide 
database (nr/nt) using the Megablast program to deter-
mine closest related taxa. The sequences of the three 
loci were individually aligned in MEGA 12 (Kumar et 
al., 2024), and ambiguous regions were removed using 
Gblocks (Castresana, 2000; Dereeper et al., 2008). The 
cured alignments were concatenated, and a Maximum 
Likelihood (ML) phylogenetic tree was constructed in 
MEGA 12. Reference sequences used for tree construc-
tion are listed in Tables S2 and S3.
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Fungus isolation and conidium production

Isolation and production of conidia from S. vesi-
carium and A. arborescens were carried out using pre-
viously described methods (Puig et al., 2015; Loebler 
et al., 2020), with some adaptations. The isolates were 
grown in tomato pulp agar plates, containing 1.25% 
(w/v) tomato pulp (Sumol+Compal), 3 g L-1 calcium 
carbonate (Merck), and 20 g L-1 agar (Liofilchem). The 
plates were kept at room temperature for 30 d with a 
16 h daily photoperiod. Conidia were then harvested 
by scraping the plates with 10 mL of 0.01% (v/v) Tween 
80 (Merck-Schuchardt). The resulting suspensions 
were each filtered through glass wool and cleaned by 
centrifugation for 10 min at 3,600 rpm. To determine 
conidium concentrations, serial dilutions were pre-
pared, and 100 μL of each dilution was spread onto 
PDA plates. After 3 d incubation at 25 °C, the numbers 
of colony-forming units (CFUs) were counted, and were 
then used to estimate initial conidium concentrations. 
The suspensions were adjusted to obtain final conidium 
concentrations of 1 to 3×10³ mL-1, and were stored at 4 
°C until further use.

Fungicide sensitivity assessments 

To assess fungus isolate sensitivity, five commercial 
fungicides (copper complex, tebuconazole, trifloxystrob-
in, f luxapyroxad, cyprodinil) were evaluated against 
the S. vesicarium and A. arborescens isolates, using the 
“poisoned food” technique (Nene and Thapliyal, 1979). 
Each fungicide was added to sterilized molten PDA at 
concentrations that corresponded to the recommended 
application dose for field use (Table 1). The mixed PDA 
was then distributed into Petri plates. After complete 
solidification, mycelium squares (0.5 cm × 0.5 cm) were 
cut from 10-d-old cultures of the fungi, and placed in 
the centres of the PDA plates, with mycelia facing down-
wards. The experimental controls assessed growth of S. 

vesicarium or A. arborescens isolates on PDA medium 
without added fungicides. Colony diameters of the fungi 
were measured over the following 13 d period at 25 °C, 
and growth inhibition factors were calculated using the 
following formula (1):

� (1)

where:
DC = diameter (cm) of control colony without treatment; 
DT = diameter (cm) of colony with treatment.

The diameter of the initial colony (0.5 cm) was sub-
tracted from all measurements.

This experiment was carried out using biological 
triplicates.

Antifungal effects of essential oils against pathogenic fungi 
isolated from ‘Rocha’ pear material with BSP symptoms

Essential oils

A total of 18 EOs were used in this study. For some 
EOs, more than one production batch from the same 
plant species was tested. These batches were identified as 
batch 1, batch 2, or batch 3 (Table 2). The EO samples 
were stored in sealed vials at 4 °C until used. The EOs 
and their respective sources are listed in Table 2.

Antifungal activity of free essential oils

Antifungal activity of 18 EOs was evaluated using 
the “poisoned food” technique (Nene and Thapliyal, 
1979). The tested oils were each added to sterilized PDA 
containing 0.01% (v/v) Tween 80, at concentrations of 1, 
5, 10 or 50 μL mL-1. The mixed PDA was then distribut-
ed into Petri plates, and a 0.5 × 0.5 cm mycelium square 
of S. vesicarium was placed in the centre of each PDA 
plate. Experimental controls included S. vesicarium iso-

Table 1. Fungicides and concentrations tested against fungi isolated from symptomatic material from ‘Rocha’ pears

Type of fungicide Active ingredient Group name1 FRAC2 group code FRAC level of 
resistance risk Concentration tested

Copper based product Copper complex Inorganic M01 Low 150 mL hL-1

Triazole Tebuconazole DMI 3 Medium 75 g hL-1

Strobilurin Trifloxystrobin QoI 11 High 10 g hL-1

Carboxamide Fluxapyroxad SDHI 7 Medium-high 30 mL hL-1

Anilinopyrimidine Cyprodinil AP 9 Medium 50 g hL-1

1 DMI, demethylation inhibitions; QoI, quinone outside inhibitor; SDHI, succinate-dehydrogenase inhibitor; AP, anilinopyrimidine.
2 FRAC, Fungicide resistance action committee (FRAC, 2025).
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lates on PDA containing 0.01% (v/v) Tween 80, without 
EO. Colony diameters were measured over a 13 d period 
at 25 °C, and the growth inhibition factor was calculated 
using formula 1 (above). This experiment was carried 
out using biological triplicates.

Essential oil encapsulation

The three EOs exhibiting the greatest antifungal 
activity against the S. vesicarium isolates, as identified 
in the EO screening, were encapsulated with modified 
maize starch using a spray-drying technique (HI-CAP® 
100) as the capsule wall material, following the meth-
ods described by Baranauskiene and Venskutonis (2009), 
with some modifications. The emulsions were prepared 
by homogenizing each EO (at concentrations of 15% or 
30% w/w) in previously prepared aqueous solutions of 
HI-CAP® 100 (30% w/w), using an Ultra-Turrax mixer at 
1,600 rpm for 5 min. Spray-drying was carried out using 
a Büchi B-290 Mini Spray Dryer, with an inlet air tem-
perature of 140 °C and a feed pump rate of 8%. Detailed 
study of the encapsulation efficiency, formulation opti-
mization and release profiling were described in a com-
plementary manuscript by Fernandes et al. (2026). The 
resulting microcapsules were stored in a desiccator pro-
tected from light until further use.

Effects of three essential oils on mycelium growth

A stock solution for each of the three EOs encapsu-
lated with HI-CAP® 100 (with 15% or 30% of EO) was 
prepared by diluting each atomized sample in sterile dis-
tilled water. The assessed essential oils were mixed with 
PDA enriched with 0.01% (v/v) Tween 80 from the pre-
pared stock solution to obtain the following encapsulat-
ed EO concentrations: 1, 10, 20, 40, or 80 mg mL-1. The 
mixed PDA media were transferred to Petri plates, and 
a 0.5 × 0.5 cm mycelium square of each S. vesicarium or 
A. arborescens isolate was placed into each PDA plate. 
Resulting colony diameters were measured over a 13 d 
period at 25 °C, and the growth-inhibition factors were 
calculated using formula 1 (above). This experiment was 
carried out using biological triplicates.

Effects of two essential oils on conidium germination

The two most effective encapsulated EOs against 
mycelium growth of the four fungi were used to evaluate 
their effectiveness for inhibiting germination of S. vesi-
carium or A. arborescens conidia.

Each atomized sample with 15 or 30% of EO was 
diluted in sterile distilled water and mixed with PDA 
containing 0.01% (v/v) Tween 80, to obtain EO concen-
trations of 20 or 10 mg mL-1, respectively. The mixed 
PDA medium was transferred to Petri plates and 10 μL 
of previously prepared conidium suspension (1 to 3×10³ 
mL-1) was inoculated in the centre of each plate. Result-
ing colony diameters were measured over a 13 d period 
at 25 °C, and growth inhibition factors were calculated 
using formula 1 (above). This experiment was carried 
out using biological triplicates.

Chemical characterization of the three most active essen-
tial oils

The chemical compositions of the three EO exhibit-
ing the greatest antifungal activity were analysed using 
gas chromatography–mass spectrometry (GC–MS) 
analysis. This was carried out using an Agilent 6890 
gas chromatograph coupled to an Agilent 5973 N mass 
selective detector (Agilent Technologies). Samples (each 
of 1 µL) were injected into a fused-silica capillary col-
umn (HP-5MS; 30 m × 0.32 mm internal diameter, 
0.25 µm film thickness; 5% diphenyl, 95% dimethyl-
polysiloxane; Agilent Technologies) via a vaporiza-
tion injector maintained at 250 °C in the spitless mode 
(2 min). The oven temperature programme started 
at 45 °C (held for 1 min), then increased at 5 °C min-

Table 2. Essential oils (EOs) assessed against fungi isolated from 
symptomatic material of ‘Rocha’ pears

EO common designation Source plant species

Basil Ocimum basilicum
Eucalyptus (batch 1) Eucalyptus globulus
Eucalyptus (batch 2) Eucalyptus globulus
Eucalyptus (batch 3) Eucalyptus globulus
Laurel Laurus nobilis
Lavender Lavanda viridis
Lemon eucalyptus (batch 1) Corymbia citriodora
Lemon eucalyptus (batch 2) Corymbia citriodora
Lemongrass Cymbopogon citratos
Lemon mint Monarda citriodora
Lemon thyme (batch 1) Thymus citriodorus
Lemon thyme (batch 2) Thymus citriodorus
Mutiati Colophospermum mopone
Orange essence oil Citrus sinensis
Oregano Oregano viridans
Rosemary (batch 1) Rosmarinus officialis
Rosemary (batch 2) Rosmarinus officialis
White eucalyptus Eucalyptus alba
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1 to 250 °C, and this temperature was then maintained 
5 min, resulting in a total run time of 47 min. Helium 
was used as the carrier gas, at a linear velocity of 30 cm 
s-1. The temperature of the transfer line was set at 280 
°C, the ion source at 230 °C, and the quadrupole ana-
lyser at 150 °C, and a turbo molecular pump (10-5 torr) 
was used. Ionization was achieved by electron impact 
at 70 eV, and mass spectra were acquired in full-scan 
mode over a mass range of 40–400 Da. A solvent delay 
of 3 min was applied. Data acquisition and instrument 
control were carried out using MSD ChemStation soft-
ware (G1701CA, version C.00.00; Agilent Technologies). 
Compound identification was based on comparisons 
of calculated retention indices, relative to a standard 
mixture of n-alkanes, and by matching the obtained 
mass spectra with those available in the Wiley spectral 
library (G1035B, Rev D.02.00; Agilent Technologies). 
Semi-quantitative analyses were carried out using nor-
malized peak area percentages without the application 
of correction factors.

Statistical analyses of data

The analyses were each carried out with three repli-
cates. A two-way analysis of variance (ANOVA) was used 
to determine whether there were statistically significant 
differences between experimental group means, using 
Prism software packages (GraphPad Software version 
9.5.0). Post hoc tests for assessment of statistically signifi-
cant differences of factors were carried out using Tukey’s 
and Šídák’s multiple comparisons tests. The experiments 
were carried out with a confidence level of 95%, and sta-
tistical significance was assumed at P < 0.05.

RESULTS

Fungi isolated from ‘Rocha’ pear material with symptoms 
of BSP

Four fungus isolates were obtained from symp-
tomatic ‘Rocha’ pear tissues, three from pear fruits, 
and one from a leaf. The multilocus phylogenetic 
analysis based on ITS and gpd sequences (Figure 1A) 
showed that isolates MUM 26.01 and MUM 26.02 
clustered consistently with reference isolates of S. vesi-
carium (CBS 133914, CBS 274.31, CBS 191.86T e CBS 
192.86T), forming a clade with strong bootstrap sup-
port (99%), confirming identification of both isolates 
as S. vesicarium. Figure 1B shows the phylogenetic tree 
for Alternaria based on concatenated sequence analy-
sis of the ITS region, and gpd and alt-a1 genes. Isolates 

MUM 26.03 and MUM 26.04 grouped together with 
reference isolates of A. arborescens (CBS 109730, CBS 
102605T), forming a highly supported clade with boot-
strap values of 96%. This strong support confirmed 
identification of MUM 26.03 and MUM 26.04 as A. 
arborescens.

Assessments of sensitivity of fungi to commercial fungicides

The inhibitory efficacy of the five tested commercial 
fungicides on mycelium growth depended on fungus 
species and isolates, as show in Figure 2A. Alternaria 
arborescens MUM 26.03 was more resistant to copper 
complex and tebuconazole, with mean percent inhibition 
of 22.6 ± 2.8% for copper complex and 49.6 ± 2.8% for 
tebuconazole, whereas isolate MUM 26.04 had greater 
tolerance to the three other fungicides assessed. For S. 
vesicarium, isolate MUM 26.02 was more sensitive to 
copper complex and fluxapyroxad, reaching mean per-
cent inhibition of 39.7 ± 2.8% for copper complex and 
60.9 ± 10.8% for fluxapyroxad. Cyprodinil was most 
effective against S. vesicarium MUM 26.01, achieving 
mean percent inhibition of 88.7 ± 1.0%.

Among the five fungicides assessed, tebuconazole 
and cyprodinil gave the greatest levels of inhibition for 
all four isolates. In contrast, trifloxystrobin and copper 
complex were the least effective treatments, mean per-
cent inhibitions less than 33.1 ± 3.8%. Fluxapyroxad 
showed variable effectiveness. While this fungicide had 
moderate activity against S. vesicarium isolate MUM 
26.02, its effect on S. vesicarium MUM 26.01 was mini-
mal (mean inhibition = 12.1 ± 2.0%), and its inhibition 
of the Alternaria isolates was also comparatively low, 
ranging from a mean reduction of 18.6 ± 2.1% to 36.8 
± 6.6%.

The fungicides also induced visible alterations in 
the colony morphologies compared to the experimental 
controls. Representative examples are shown in Figure 
2. For S. vesicarium MUM 26.01, exposure to copper 
complex, tebuconazole, or cyprodinil produced whitish 
colonies, in contrast to the characteristic pigmentation 
observed in the controls (Figure 2 B). In contrast, S. vesi-
carium MUM 26.02 showed no evident morphological 
alterations under the tested conditions. For A . arbores-
cens MUM 26.04, the copper complex produced colonies 
that were dark brown, whereas cyprodinil led to notice-
ably lighter coloured colonies (Figure 2 C). Similarly, 
A. arborescens MUM 26.03 also had darkened colonies 
when exposed to copper complex.
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Antifungal effects of essential oils against pathogenic fungi 
isolated from ‘Rocha’ pear with BSP symptoms

Antifungal activity of free essential oils

Eighteen EOs, at concentrations of 1, 5, 10 or 50 μL 
mL-1, were evaluated against two S. vesicarium isolates. 
All the EOs at 50 μL mL-1 inhibited S. vesicarium, after 
13 d of incubation (Table 3). However, lemon eucalyp-
tus (batch 1), mutiati or orange EOs did not fully inhibit 
mycelium growth. At 10 μL mL-1, most of the EOs were 
less inhibitory to mycelium growth of the two S. vesi-
carium isolates. Lemon eucalyptus (batch 2), lemongrass, 
and lemon thyme (batch 2) EOs gave complete growth 

inhibition at concentrations of 10 and 0.5 μL mL-1. At 1 
μL mL-1, these three EOs had different effects, depend-
ing on the S. vesicarium isolate: lemongrass and lemon 
thyme (batch 2) prevented growth of S. vesicarium 
MUM 26.02, but were less effective against S. vesicarium 
MUM 26.01. Among these three EOs, lemon eucalyptus 
(batch 2) had the least antifungal activity at the lowest 
concentration assessed.

Based on the results of this initial screening, three 
EOs – lemon eucalyptus (batch 2), lemongrass, and 
lemon thyme (batch 2) – were selected for encapsulation 
assays (Fernandes et al., 2026) and subsequently for the 
other experiments.

Figure 1. Identifications of the fungi isolated from ‘Rocha’ pear material with BSP. A, Phylogenetic tree of Stemphylium. B, Phylogenetic tree 
of Alternaria. Bootstrap values less than 70% were omitted from the figure.



274 Inês Mendonça1,2, Beatriz Fernandes3,4, Carmo Serrano3,5,6, Ana C. Marques4, Ricardo Oliveira1, Carina Almeida1,7, Miguel Leão de Sousa8,9, Armando Venâncio2,10, Sónia Silva2,10,*Inês Mendonça et alii

Effects of essential oils encapsulated with HI-CAP® 100 
on mycelial growth

From the initial screening, the three most effective EOs 
(lemon eucalyptus, lemongrass, and lemon thyme) were 
encapsulated by spray-drying using HI-CAP® 100, with oil 
concentrations of 15 and 30%. The six EO formulations 
were tested against the two S. vesicarium isolates at differ-
ent concentrations in PDA. As shown in Figure 3, all the 
formulations maintained their antifungal activity, inhibit-
ing growth of the two S. vesicarium isolates. Lemon euca-
lyptus EO formulations did not fully prevent mycelium 
growth. The greatest observed mean inhibition from the 
15% formulation was 70.4 ± 3.8% for S. vesicarium MUM 
26.01 and 59.5 ± 1.1% for S. vesicarium MUM 26.02. For 
the 30% formulation and at the greatest concentration of 80 
mg mL-1, mean inhibition was 57.0 ± 2.1% for S. vesicarium 
MUM 26.01 and 71.8 ± 1.1% for S. vesicarium MUM 26.02. 
In contrast, the lemongrass and lemon thyme EO formula-
tions gave greater isolate inhibition. Minimum mean effec-

tive inhibitory concentration for the lemongrass and lemon 
thyme EO formulations was observed at 20 mg mL-1 for 
both S. vesicarium isolates from 15% of EO encapsulated 
(Figure 3 A), and at 10 mg mL-1 for both isolates at 30% of 
encapsulated EO (Figure 3 B). At the 15%, both formula-
tions completely inhibited growth of S. vesicarium MUM 
26.02 at 10 mg mL1, whereas, at the same concentration 
against strain MUM 26.01, lemongrass and lemon thyme 
EOs reduced growth by, respectively, 3.0 ± 1.0% and 37.0 
± 13.1%. The encapsulating agent HI-CAP® 100 was also 
tested in the absence of EOs against the two S. vesicarium 
isolates, and caused less than 3% inhibition of mycelium 
growth (Figure S1).

Figure 4 shows effects of encapsulated lemon euca-
lyptus, lemongrass, or lemon thyme EOs using HI-CAP® 
100 at 15 or 30% (respectively, 20 or 10 mg mL-1) on the 
two A. arborescens isolates. The inhibitory effects were 
similar to those observed against S. vesicarium. The for-
mulations of lemongrass and lemon thyme EOs with HI-
CAP® 100 completely inhibited both A. arborescens iso-

Figure 2. Effects of commercial fungicides on mycelium growth of fungi isolated from ‘Rocha’ pear material with BSP. A, Mean growth inhi-
bition (%) of Stemphylium vesicarium or Alternaria arborescens isolates in the presence of the five assessed fungicides, after 13 d incubation 
at 25 °C (different letters indicates differences (P < 0.05) within each fungicide. B and C, Images of Petri plates containing colonies of S. vesi-
carium isolate MUM 26.01 (B) or A. arborescens MUM 26.04 (C) in the presence of two tested fungicides, after 13 d of incubation at 25 °C.
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lates while the lemon eucalyptus EO formulation did not 
fully inhibit the two isolates. For the MUM 26.03 isolate, 
the mean inhibition percentages were 38.7 ± 1.2% for the 
15% formulation and 33.6 ± 1.2% for the 30% formula-
tion. In contrast, for the MUM 26.04 isolate, the mean 
inhibition percentages were 49.6 ± 2.1% for the 15% for-
mulation and 44.5 ± 0.0% for the 30% formulation.

Effect of EO encapsulated with HI-CAP® 100 on conidium 
germination

The antifungal activity of lemongrass and lemon 
thyme EO HI-CAP® 100 formulations encapsulated with 
15 or 30% of each oil were also evaluated for effects on 
germination of S. vesicarium and A. arborescens conidia, 
at concentrations of 20 or 10 mg mL-1 on PDA. Figure 5 
shows that all these formulations completely inhibited 
conidium germination and subsequent growth of each 
isolate of both fungi. 

Chemical characterization of three active essential oils

The chemical compositions of the lemongrass, lemon 
thyme, and lemon eucalyptus EOs were analysed using 
gas chromatography (GC) and gas chromatography-mass 

spectrometry (GC-MS). The chemical compositions of 
the lemongrass, lemon thyme, and lemon eucalyptus 
EOs are shown in Table 4. Gas chromatography showed 
that lemongrass EO was mainly composed of citral iso-
mers, with trans-citral and cis-citral together constituting 
greater than 88% of the total composition. Lemon thyme 
EO consisted predominantly (72.6%) of oxygen-contain-
ing monoterpenes, among which geraniol, 1,8-cineol, 
and thymol were the most abundant components. The 
citral isomers, geranial and neral, were also detected in 
the lemon thyme EO, but accounted for less than 8% of 
total composition. The chemical composition of lemon 
eucalyptus EO showed a predominance of monoterpene 
hydrocarbons, with α-pinene as the major constituent, 
accounting for 51.6% of the total composition. Eucalyptol 
(1,8-cineole) (12.9%) and ρ-cymene (10.7%) were the sec-
ond and third most abundant compounds in this oil.

DISCUSSION

Brown spot of pear, caused by S. vesicarium, has 
become a major concern for ‘Rocha’ pear production in 
Portugal (Loebler et al., 2020; Cavina et al., 2024). In the 
present study, S. vesicarium was isolated from sympto-
matic ‘Rocha’ pear tissues, and A. arborescens was also 

Table 3. Proportions (%) of mycelium growth inhibition (after 13 d in culture at 25 °C) for two Stemphylium vesicarium isolates (MUM 
26.01 or MUM 26.02) exposed to four concentrations of different essential oils

Essential oil

Essential oil concentration (μL mL-1)

50 10 5 1

MUM 26.01 MUM 26.02 MUM 26.01 MUM 26.02 MUM 26.01 MUM 26.02 MUM 26.01 MUM 26.02

Basil 100% 100% 60% 50% - - - -
Eucalyptus (batch 1) 100% 100% 60% 33% - - - -
Eucalyptus (batch 2) 100% 100% 100% 88% - - - -
Eucalyptus (batch 3) 100% 100% 86% 50% - - - -
Laurel 100% 100% 86% 83% - - - -
Lavander 100% 100% 100% 40% - - - -
Lemon eucalyptus (batch 1) 83% 86% - - - - - -
Lemon eucalyptus (batch 2) 100% 100% 100% 100% 100% 100% 47% 34%
Lemongrass 100% 100% 100% 100% 100% 100% 61% 100%
Lemon mint 100% 100% 57% 38% - - - -
Lemon thyme (batch 1) 100% 100% 54% 30% - - - -
Lemon thyme (batch 2) 100% 100% 100% 100% 100% 100% 61% 100%
Mutiati 80% 86% - - - - - -
Orange essence oil 50% 40% - - - - - -
Oregano 100% 100% 86% 73% - - - -
Rosemary (batch 1) 100% 100% 86% 88% - - - -
Rosemary (batch 2) 100% 100% 80% 63% - - - -
White eucalyptus 100% 100% 51% 33% - - - -
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isolated, indicating that both fungi may contribute to 
this disease. The presence of A. arborescens in ‘Rocha’ 
pear had previously been reported (Sobreiro and Batalha 
Neto, 2024), supporting the potential involvement of this 
fungus in the BSP disease complex.

Since fungicides remain the primary method for man-
aging BSP (Toledo et al., 2023), the sensitivity of particular 
pathogen isolates was evaluated for commercial fungicides 
commonly applied by Portuguese ‘Rocha’ pear produc-
ers. The results have shown that fungicide efficacy varied 
depending on active ingredient, fungal species, and on the 
specific isolates involved. This probably shows why discus-
sions within the technical community based on observable 
incidence of the disease have not yielded conclusive results.

Among the assessed fungicides, tebuconazole and 
cyprodinil had greatest effectiveness, achieving inci-
dence reductions of, respectively, 70% and 88%. In con-
trast, trifloxystrobin had no or little inhibitory activity 
(0% to 33%). Fluxapyroxad showed a variable pattern 
among the four pathogen isolates. Inhibition percentages 
of the two S. vesicarium isolates were approx. 12% and 
60%. These results indicate that sensitivity of BSP fun-
gal pathogens to specific fungicides may be diminishing, 
and that continued use of these products could increase 
losses of pathogen sensitivity. 

Efforts to reduce the number of fungicide active 
ingredients used, in response to standards imposed by 
major retail chains, have aimed to minimize the num-

Figure 3. A) Mean percentages of growth inhibition in cultures of two Stemphylium vesicarium isolates (MUM 26.01 and MUM 26.02) 
exposed for 13 d at 25 °C to different concentrations of three essential oils encapsulated with HI-CAP® 100 at 15 or 30% of each oil. Means 
accompanied by different letters are different (P < 0.05). B) Images of cultures of S. vesicarium isolate MUM 26.02 with (left) no additive to 
the culture medium, or with lemon eucalyptus (second left), lemongrass (second right) or lemon thyme (right) EO HI-CAP® 100 formula-
tions (20 mg mL-1) after 13 d at 25 °C.
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ber of detectable pesticide substances, and this may 
have contributed to shifts in fungicide sensitivity, as a 
result of repeated applications of particular chemicals 
(Paušič et al., 2023; Olita et al., 2024). Previous studies 
have reported variable sensitivity profiles for different 
fungicide classes in Stemphylium and Alternaria isolates 
obtained from fruit crops. Strobilurin fungicides, includ-
ing trifloxystrobin, have shown low efficacy against iso-
lates of Alternaria (Camiletti et al., 2022) and S. vesi-
carium (Collina et al., 2007; Alberoni et al., 2010). In 
contrast, DMI fungicides, including tebuconazole, have 
exhibited lower risks for resistance development, and 
remain effective for inhibiting Alternaria spp. (He et al., 
2019; Camiletti et al., 2022). Alternaria isolates have also 
demonstrated sensitivity to cyprodinil, although resist-
ance to some SDHI fungicides (e.g. fluxapyroxad) has 
also been observed (Yang et al., 2015; Beg et al., 2025).

Copper-based products are recognized as effec-
tive contact fungicides, primarily used for preventative 
disease management since they reduce inoculum accu-
mulation on plant surfaces (Lamichhane et al., 2018; La 
Torre et al., 2018). These products lack translaminar or 
systemic activity, so their curative efficacy against estab-
lished fungal structures is limited compared to systemic 
fungicides, which can penetrate host tissues to control 
ongoing infections (McGrath, 2009), as shown by Donne 
et al. (2020) and Koka et al. (2021). This distinction was 
reflected in the present study, where the copper complex 
formulation assessed showed limited effectiveness against 
the S. vesicarium and A. arborescens isolates evaluated.

Beyond inf luencing pathogen mycelium growth, 
presence of fungicides also altered pigment produc-
tion and colony structure of the two pathogens assessed. 
Exposure to copper complex fungicide consistently 

Figure 4. A) Mean percentages of growth inhibition in culture of two Alternaria arborescens isolates (MUM 26.03 and MUM 26.04) 
exposed for 13 d at 25 °C to three essential oils encapsulated with HI-CAP® 100 at 15% (20 mg mL-1) and 30% (10 mg mL-1) of each oil. 
Means accompanied by different letters are different (P < 0.05). B) Images of cultures of A. arborescens MUM 26.03 with (left) no additive 
to the culture medium, or with lemon eucalyptus (second left), lemongrass (second right) or lemon thyme (right) EO HI-CAP® 100 formu-
lations (20 mg mL-1) after 13 d at 25 °C.
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induced formation of dark brown colonies in both the A. 
arborescens isolates. This hyper-pigmentation may indi-
cate an adaptative defence response to copper exposure, 
whereby increased melanin synthesis sequesters copper 
ions within the fungus cell walls and reduces oxidative 
stress associated with copper-induced free radicals (Fog-
arty and Tobin, 1996; Borkow and Gabbay, 2005). Con-
versely, copper, tebuconazole and cyprodinil all triggered 
an opposite response, resulting in whitish appearance in 
S. vesicarium MUM 26.01. This suggests that these three 
fungicides in contact with the S. vesicarium isolate prob-
ably disrupted biosynthesis of secondary metabolites, 
including the melanin pigments, which play important 
roles for cell protection (Cordero and Casadevall, 2017). 
Stemphylium vesicarium MUM 26.02 produced no visible 
changes in morphology, highlighting that the macroscop-
ic shifts observed were isolate and treatment dependent.

Similar effects have been documented elsewhere. 
Changes in Aspergillus flavus pigmentation from green 
to white, and darkened colonies in Cladosporium clad-

osporioides, when exposed to different fungicides, have 
been previously reported (Llorente et al., 2012a; Akbari 
Dana et al., 2019). In addition, previous studies have 
shown that copper-based compounds can induce for-
mation of dark pigments in fungi (Griffith et al., 2007), 
indicating that fungicides can trigger physiological 
stress responses manifested as morphological alterations. 
These results are consistent with the variable pathogen 
sensitivity patterns described elsewhere, and highlight 
the ongoing challenges for identifying fungicide efficacy 
against BSP pathogens.

To address this problem, focus is shifting towards 
exploring alternative biobased disease management 
strategies, which are environmentally friendly and less 
likely to inducing pathogen resistance. EOs are promis-
ing biocontrol agents due to their broad spectrum anti-
fungal properties and natural origins (Nazzaro et al., 
2017). Therefore, the present study aimed to identify 
plant-derived EOs able to control growth of pathogens 
associated with BSP. From 18 EOs assessed against the 

Figure 5. A) Mean percentages of growth inhibition in cultures of two Stemphylium vesicarium isolates (MUM 26.01 and MUM 26.02) 
grown from conidia and exposed for 13 d at 25 °C to two essential oils encapsulated with HI-CAP® 100 at 15% (20 mg mL-1) or 30% (10 
mg mL-1) of each oil. No significant differences were observed (P > 0.05). B) Mean percentages of growth inhibition in cultures of two 
Alternaria arborescens isolates (MUM 26.03 and MUM 26.04) grown from conidia and exposed for 13 d at 25 °C to two essential oils 
encapsulated with HI-CAP® 100 at 15% (20 mg mL-1) or 30% (10 mg mL-1) of each oil. No significant differences were observed (P > 0.05). 
C) Images of cultures of S. vesicarium isolate MUM 26.01 with (left) no additive to the culture medium or with (right) lemongrass EO HI-
CAP® 100 formulation at 15% (20 mg mL-1) after 13 d at 25 °C. D) Images of cultures of A. arborescens isolate MUM 26.04 with (left) no 
additive to the culture medium or with (right) lemongrass EO HI-CAP® 100 formulation (20 mg mL-1) after 13 d at 25 °C.
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S. vesicarium isolates, those from lemon eucalyptus, lem-
ongrass, or lemon thyme had high antifungal activities, 
completely inhibiting S. vesicarium growth at 5 μL mL-1. 
Lemongrass and lemon thyme also controlled growth of 
S. vesicarium MUM 26.02 at 1 μL mL-1.

This strong antifungal activity aligned with previ-
ous reports. High inhibition rates against phytopatho-
genic fungi using encapsulated and non-encapsulated 
lemongrass EO have been reported (Antonioli et al., 
2020; Sattary et al., 2020; Gangavarapu and Palwai, 
2022). Although studies on the fungicidal effects of lem-
on thyme EO against plant pathogens are limited, the 
strong antimicrobial effects have been reported against 
Cutibacterium acnes (Oliveira et al., 2022). Geraniol, the 
main constituent of lemon thyme EO, has also shown 
inhibitory activity against Aspergillus spp. (Tang et al., 
2018). Lemon eucalyptus EO has also been reported to 
reduce growth of A. alternata, Colletotrichum gloespori-
oides and Fusarium oxysporum, which are key patho-

gens associated with postharvest rot in apples (Oli et al., 
2019). Despite the strong antifungal activity exhibited by 
the EO in the present study, the treated plants were not 
free from disease. For instance, Golovinomyces biocel-
latus has been reported to cause powdery mildew on 
lemon thyme (Thymus citriodorus) in Italy (Garibaldi 
et al., 2016). This highlights that, despite the antimi-
crobial properties associated with secondary aromatic 
plant metabolites, natural in planta concentrations may 
not always be sufficient to prevent pathogen establish-
ment. However, concentrated EO extracts can still have 
significant antifungal activity when applied exogenously 
against phytopathogens.

To mitigate the common challenges of volatility and 
degradation of chemicals containing EOs, encapsula-
tion techniques have been proposed for improving EO 
stability, potentially contributing to enhanced bioactiv-
ity (Antonioli et al., 2020; Altay et al., 2024). Therefore, 
based on their high antifungal activities in the initial 
screening of the present study, lemon eucalyptus, lemon-
grass, and lemon thyme EOs were subsequently encap-
sulated by spray-drying using a modified maize starch 
(HI-CAP® 100) and EO concentrations of 15% or 30%, 
to evaluate how the transition from free liquid to solid 
microcapsule may affect their bioactivity (Fernandes et 
al., 2026). Both lemongrass and lemon thyme EO for-
mulations completely inhibited S. vesicarium growth, at 
a minimum concentration of 20 mg mL-1 for the 15% 
formulations, and 10 mg mL-1 for the 30% formulations. 
This showed that spray-drying did not compromise the 
active constituents, and demonstrated the effectiveness 
of the polymer matrices.

Lemon eucalyptus EO gave decreased efficacy after 
encapsulation, and did not fully inhibit fungal growth 
at the concentrations tested, with inhibition percentages 
ranging between 30% and 70% among all conditions 
assessed. Similar results were obtained for the two Alter-
naria isolates. These results indicate that the antifungal 
activity of lemongrass and lemon thyme EOs was not 
compromised by encapsulation, validating their selection 
from the initial screening, and supporting their poten-
tial as encapsulated formulations for EO-based products. 
Previous studies have compared antifungal activities 
of free and encapsulated EOs. Soltanzadeh et al. (2021) 
reported lower antifungal activity of encapsulated lem-
ongrass EO against A. flavus, Penicillium notatum and 
F. solani compared with the free oil, which completely 
inhibited fungal growth. Antonioli et al. (2020) stated 
that lemongrass EO containing poly(lactic acid) nano-
capsules efficiently reduced C. acutatum and C. gloespo-
rioides, but a high concentration was required compared 
to free EO. Formulations of Cinnamomum cassia EO, 

Table 4. Chemical characterizations of lemongrass, lemon thyme, 
and lemon eucalyptus essential oils

Essential oil Components Content 
(%)

Lemongrass Trans-citral (geranial) 46.8
Cis-citral (neral) 41.6
Nerol 4.0
2-methyl-3-butene-2-ol 1.7
6-methyl-5-heptene-2-one 1.4
Cis-carveol 1.1
Linalyl acetate 0.9

Lemon 
thyme

Oxygen-containing monoterpenes, 
including: 72.6

Geraniol 27.5
1,8-Cineol 16.3
Thymol 9.2
Geranial 4.2
Neral 3.4
α-Terpineol 2.2
Sesquiterpenes hydrocarbons, including: 9.5
E-Caryophyllene 3.3
ρ-Cymene 3.7
γ-Terpinene 2.1

Lemon 
eucalyptus

α-Pinene 51.6
Eucalyptol (1,8-Cineol) 12.9
ρ-Cymene 10.7
Aromadendrene 5.6
γ-Terpinene 4.7
Limonene 3.4
α-Phellandrene 1.6
Bicyclogermacrene 1.0



280 Inês Mendonça1,2, Beatriz Fernandes3,4, Carmo Serrano3,5,6, Ana C. Marques4, Ricardo Oliveira1, Carina Almeida1,7, Miguel Leão de Sousa8,9, Armando Venâncio2,10, Sónia Silva2,10,*Inês Mendonça et alii

both free and spray-dried encapsulated, were strongly 
antifungal against A. alternata, A. flavus and P. crusto-
sum (Minozzo et al., 2023). Sattary et al. (2020) showed 
that antifungal effects of encapsulated lemongrass and 
clove EOs was greater than from the free EOs.

Stemphylium vesicarium and A. arborescens conidia 
are important in the crop diseases they cause, affecting 
pome fruit and vegetables (Fontaine et al., 2021; Gossen 
et al., 2021; Habib et al., 2021; Głos et al., 2023). For the 
BSP complex, S. vesicarium primarily overwinters in pear 
orchards as pseudothecia, releasing ascospores of P. allii 
under favourable climate conditions in the spring (Llor-
ente et al., 2010). These sexual spores contribute to sap-
rophytic colonization of plant residues, which become 
the principal sources of conidia as the main inoculum 
responsible for infections during pear growing seasons 
(Cavina et al., 2024). Given the central role of conidia in 
disease initiation and spread, controlling conidium ger-
mination is essential for lowering disease pressure and 
managing BSP. In the present study, effects of lemongrass 
and lemon thyme EO HI-CAP® 100 formulations were 
evaluated against S. vesicarium and A. arborescens conid-
ium germination. Under the concentrations assessed (20 
mg mL-1, for the 15% formulations, and 10 mg mL-1, for 
the 30% formulations), the EOs completely inhibited 
conidium germination. These results further confirm the 
antifungal potential of these selected EOs, demonstrat-
ing their effectiveness for inhibiting pathogen mycelium 
growth and conidium germination.

The chemical characterizations of the lemongrass, 
lemon thyme, and lemon eucalyptus EOs showed dis-
tinct chemical profiles. The lemongrass and lemon 
thyme EOs mainly contained oxygenated monoterpenes, 
including citral, geraniol, 1,8-cineole, and thymol. For 
plant protection, geraniol, the main constituent (27.5%) 
of lemon thyme EO, is of particular interest. This com-
pound reduced mycelium growth of Drechslera oryzae, 
F. oxysporum and Sclerotium rolfsii (Kaur et al., 2019). 
Beyond plant protection, recent trials have demonstrated 
that incorporating geraniol into biodegradable compos-
ite coatings reduced incidence and lesion severity caused 
by Monilinia fructicola in plum fruit during cold stor-
age (Asgarian et al., 2023). Geraniol is also listed as an 
approved active substance under Commission Imple-
menting Regulation (EU) No. 540/2011, highlighting its 
safety and efficacy for use in plant protection products.

Citral was the main compound (88.4%) present 
in lemongrass EO. Citral has demonstrated protective 
activity in fruit systems by inhibiting mycelium growth, 
while also being recognized as a food flavouring agent 
in Commission Implementing Regulation (EU) No. 
872/2012. Citral application successfully controlled 

mycelium growth and reduced lesion diameter caused by 
A. alternata in pitaya fruit storage (Luo et al., 2024), and 
on pears (Chen et al., 2025). Tao et al. (2014) also report-
ed that this compound inhibited mycelium growth of P. 
italicum, an important postharvest citrus pathogen. In 
contrast, lemon eucalyptus EO was composed mostly of 
monoterpene hydrocarbons, including α-pinene (51.6%), 
along with lower proportion of 1,8-cineole (12.9%). Alde-
hydes and alcohols, including citral and geraniol, inter-
act strongly with fungal cell membranes due to their 
high lipophilicity (Bakkali et al., 2008). Upon entering 
the phospholipid bilayers, they enhance membrane flu-
idity and permeability, potentially causing the leakage of 
ions and essential metabolites (Trombetta et al., 2005). 
Furthermore, aldehydes, including citral, are chemi-
cally active, and can create Schiff bases or other covalent 
compounds with membrane proteins. This may disrupt 
enzyme activities and disturb cellular equilibria (Hyld-
gaard et al., 2012). Additionally, disruption of production 
of ergosterol, an essential sterol for fungal membranes, 
can be important. Monoterpenes such as citral, geraniol, 
and thymol, may interfere with this process, resulting in 
compromised integrity of cell membranes and reduced 
fungal growth (Contreras Martínez et al., 2022). Low 
abundance of these oxygenated compounds in lemon 
eucalyptus EO may therefore account for the reduced 
antifungal activity against S. vesicarium and A. arbores-
cens, compared to lemongrass and lemon thyme EOs, as 
was observed in the present study.

Overall antifungal efficacy cannot be solely attrib-
uted to the major EO compounds. Minor elements, while 
in limited amounts, can modify plant and pathogen 
membrane permeability or assist substance penetration, 
enhancing their antifungal properties (Burt, 2004). For 
example, 1,8-cineole has been identified as a permeabi-
lizing agent; it improves movement of other monoterpe-
nes across lipid bilayers (Trombetta et al., 2005). Synergy 
has been shown between citral and geraniol, which col-
lectively improve membrane disruption and respiratory 
inhibition in different fungal pathogens. These connec-
tions clarify why EOs often exert stronger influences 
than individual compounds, as observed in previous 
research (Shukla et al., 2012; Soares et al., 2016).

Ongoing debate supported by an increasingly body 
of evidence, suggests that the antifungal activity is pri-
marily driven by the major active compounds. Studies 
on C. cassia and Cymbopogon martini EOs have conclud-
ed that high-content components including trans-cinna-
maldehyde and trans-geraniol accounted for the majority 
of inhibitory effects against toxigenic fungi (Wang et al., 
2018). Similarly, research on EO from Thymus vulgaris 
has shown that the phenolic compound thymol outper-
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formed the whole EO for control of A. alternata growth 
(Perina et al., 2015; Andrade-Ochoa et al., 2023). From a 
product development perspective, this duality is impor-
tant, since identification of individual active compounds 
may facilitate product regulation. Further research is 
required to clarify the relative contributions of major 
and minor compounds to antifungal efficacy, and to 
determine the most suitable approaches for future devel-
opment of plant protection products.

CONCLUSIONS

This study aimed to identify EOs with antifungal 
activity against pathogenic fungi isolated from ‘Rocha’ 
pears exhibiting BSP symptoms, and to validate their 
efficacy as encapsulated formulations developed through 
spray-drying. Of the 18 EOs assessed, low concentrations 
of lemongrass and lemon thyme EOs completely inhibited 
mycelium growth and conidium germination of S. vesi-
carium and A. arborescens isolates with different pesticide 
sensitivity profiles, which had been isolated from ‘Rocha’ 
pear material exhibiting BSP symptoms. Their antifun-
gal activities were retained after encapsulation, indicating 
their potential for practical disease management appli-
cations. These results highlight that EOs are potential 
alternatives to conventional fungicides, with advantages 
in biodegradability and reduced risk of development of 
pathogen resistance. As existing disease management solu-
tions have proven ineffective, and fungicide resistance is 
increasingly compromising crop viability and profitability, 
EOs may be promising tools to mitigate decline of ‘Rocha’ 
pear cropping. Nevertheless, since the present study was 
conducted exclusively under in vitro conditions, further in 
vivo and field studies are required to validate the efficacy 
of these EO formulations. Future research should first 
assess their antifungal effectiveness and potential phyto-
toxic effects directly on ‘Rocha’ pear fruit, before progress-
ing to field-scale assessments. Subsequent studies should 
also evaluate formulation persistence, stability, and perfor-
mance after application, considering the influence of envi-
ronmental factors on antifungal activity.
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Summary. This research aimed to determine abilities of endophytic Aspergillus, Peni-
cillium, and Trichoderma species to colonize grapevine cuttings, and to evaluate their 
performance for protecting pruning wounds from Botryosphaeriaceae fungi under 
greenhouse and field conditions. Colonization ability of five endophytic species (Asper-
gillus allahabadi, A . flavipes, Penicillium canescens, P. fructuariae-cellae, and Trichoder-
ma brevicompactum) was assessed after introductions into cuttings using two inocula-
tion methods: immersion in conidial suspensions or contact with dry conidia. Coloni-
zation by the inoculated fungi was subsequently confirmed through re-isolations, and 
species identities were verified by PCR and gene sequencing. After confirming coloni-
zation, biological activity of the endophytes was assessed against pathogens. Conidium 
suspensions were either sprayed onto host wounds or applied systemically to cuttings, 
and necrotic lengths in internal tissues were measured 4 months after inoculations. In 
a subsequent field experiment, conidium suspensions were applied by spraying onto 
pruning wounds, or placing mycelium/agar plugs, and extent of necroses was assessed 
6 months after inoculations. Penicillium and Trichoderma species colonized internal 
tissues of grapevine plants, whereas Aspergillus species were not re-isolated. In green-
house trials, the endophytes reduced lesion lengths caused by Botryosphaeriaceae spe-
cies by 22 to 85 %. Under field conditions, and where applied to pruning wounds, 
these fungi gave 51 to 70% protection against Lasiodiplodia brasiliensis and Neofusico-
ccum parvum, with Trichoderma brevicompactum giving greatest efficacy. This study 
has shown that vineyard-derived Penicillium and Trichoderma endophytes can estab-
lish within grapevine tissues, and have potential to effectively suppress Botryospha-
eriaceae pathogens of grapevines.

Keywords.	 Botryosphaeriaceae, Grapevine Trunk Diseases (GTDs), Lasiodiplodia bra-
siliensis, Neofusicoccum parvum, Vitis vinifera
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INTRODUCTION

Türkiye is an important grape-producing coun-
try, and grapevine nurseries are important agricultural 
industries. According to the Ministry of Agriculture and 
Forestry, approx. three million grapevine plants (reg-
istered) are produced annually in Türkiye, and these 
plants are sold to establish new vineyards or replace 
uprooted vines dying from pests or diseases in their 
first years (Anonymous, 2025). During vineyard estab-
lishment, some young plants die due to abiotic factors 
such as unfavorable soil conditions, poor cutting quality, 
improper planting, or biotic factors (fungal pathogens, 
and nematode or insect pests).

Fungal pathogens (Botryosphaeriaceae, Diaporthe, 
Eutypa species, Cylindrocarpon-like fungi, Phaeomon-
iella, Phaeoacremonium, Fomitiporia species) associated 
with grapevine trunk diseases (GTDs), and some soil-
borne fungi (species of Phytophthora, Fusarium, Rhizoc-
tonia, Macrophomina, or Verticillium) are among the 
leading causes of plant death in newly established vine-
yards (Gramaje and Armengol, 2011). These pathogens 
are disseminated latently by dormant vines or propaga-
tion material, spreading over large areas and causing 
economic losses.

Controlling latent infections is challenging, and var-
ious management methods are followed at nursery prop-
agation stages to ensure healthy plant production. Some 
disinfectants (quaternary ammonium salts, hydroxyqui-
noline sulfate) and fungicides added to water-soaking 
tanks reduce fungal contamination of propagation mate-
rials (Gramaje et al., 2009). Hot water treatments can 
also eradicate most latent infections, and combining hot 
water treatments with fungicides has been found to aug-
ment these effects (Görür and Akgül, 2019). Systemic 
fungicides are also applied via drip irrigation systems 
when grafted cuttings are planted in the soil or during 
root formation.

These treatments may protect plant roots for short 
periods, but they are not effective against latent patho-
gen infections in grapevine stems. In recent years, 
research has focused on biological control of fungal 
pathogens associated with grapevine trunk diseases in 
grapevine nurseries and in field vineyards. These efforts 
aimed to reduce pathogen spread and promote produc-
tion of healthy plants. Some microorganisms with poten-
tial biocontrol activity can minimize plant diseases by 
competing with pathogens for nutrients, producing anti-
biotics, or parasitizing pathogens. They can also con-
tribute to plant growth by facilitating nutrient uptake 
and by producing beneficial substances that favour plant 
growth (Pieterse et al., 2014).

Endophytic fungi live with most vascular plants, and 
do not cause disease symptoms. They are also known to 
suppress plant pathogens through production of vari-
ous secondary metabolites, and supporting plants against 
environmental stress factors (Busby et al., 2016). Grape-
vine is also a host for endophytic microorganisms, and 
research using advanced technologies such as Next Gen-
eration Sequencing (NGS) and metatranscriptomics anal-
ysis have shown that grapevines are rich in bacterial and 
fungal microbiota. Some studies have indicated that up to 
60 endophytic fungal genera are present in adult grape-
vines, of which Alternaria, Aspergillus, Cladosporium, 
Clonostachys, Epicoccum, Penicillium and Trichoderma 
predominate. Species in these genera have been studied 
for biocontrol of fungal plant pathogens, due to their high 
proliferation, abilities to colonize organic matter rapidly, 
and production of antimicrobial secondary metabolites 
(Thambugala et al., 2020). Deyett and Rolshausen (2020) 
showed that approx. 28% of grapevine endomycota were 
acquired from the soil and plant environments, gradu-
ally colonizing grapevines from the time of planting. 
This indicates that local and natural endophytes have 
coevolved with grapevine, and these have superior poten-
tial for colonization and pathogen antagonism compared 
to other endophytic species. Aspergillus and Penicillium 
are genera that are found wherever organic matter is pre-
sent, and are adapted to various harsh environmental con-
ditions, including drought and high temperatures. Some 
species of these genera can live with plants as endophytes, 
while others can cause fruit bunch rots, plant mortality, 
and canker diseases (Bustamente et al., 2024; El-Dawy et 
al., 2024). Endophytic species of these genera can direct-
ly or indirectly inhibit the growth of other microorgan-
isms, and contribute to plant health by secreting various 
metabolites, antibiotics, or mycotoxins (Grijseels et al., 
2017; Hagag et al., 2022). In addition to these genera, the 
Trichoderma also includes species proven to have biocon-
trol activities against plant diseases, including GTDs (Ber-
begal et al., 2020; Silva-Valderrama et al., 2021). Most of 
these studies used commercially produced Trichoderma 
isolates, and some studies examined disease-reducing per-
formance of local endophytic species.

Very few studies have assessed endophytic Penicilli-
um and Aspergillus species for biocontrol of GTDs. Since 
biological fungicides produced in different countries may 
not perform well when used against a particular disease 
in another country, results obtained using local isolates 
can sometimes be more effective (Pollard-Flamand et al., 
2022). 

The hypothesis examined in the present study 
was that antagonist isolates selected from local fungal 
endophytes could successfully reduce diseases caused 
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by Botryosphaeriaceae, both at young vine stages and 
under field conditions, through applications to prun-
ing wounds and as inoculations of grapevine cuttings. 
Fungal endophytes from different locations or vineyards 
were assessed for abilities to suppress fungal pathogens 
associated with GTDs. 

The objectives of this study were: (i) to determine 
colonization performance of the endophytic Aspergil-
lus, Penicillium, and Trichoderma species in detached 
grapevine canes; and (ii) to assess their prophylactic 
performances for reducing lesions caused by Botryospha-
eriaceae species through protecting wounds on grape-
vine plants and adult vines, using greenhouse and field 
experiments.

MATERIALS AND METHODS

Fungus isolates

The Botryosphaeriaceae pathogens and endophytic 
Aspergillus, Penicillium, or Trichoderma isolates used in 
this study were obtained from a survey conducted dur-
ing 2020-21 in vineyards, from the local cultivars Hatun 
Parmağı, Horozkarası, Kabarcık, Mahrabaşı, or Tarsus 
Beyazı, grown on their own roots. These grapevines 
were in the Eastern Mediterranean Region of Türkiye. 
Pure cultures obtained were deposited in the culture 
collection of the Mycology Laboratory at the Faculty 
of Agriculture, Çukurova University. The isolates were 
identified using DNA analyses, and virulence of Botry-
osphaeriaceae isolates was previously shown using path-
ogenicity tests. In a preliminary study, endophytic Asper-
gillus, Penicillium, or Trichoderma isolates were subjected 
to dual-culture tests, and those with prominent antago-
nistic properties were selected for use in the pot and 
field trials described below (Table 1).

Assessments of colonization of grapevine cuttings by antag-
onistic fungi

Ability of antagonistic species to colonize grapevine 
cuttings was tested using two different methods. In the 
first, mycelial agar discs (maintained in 30% glycerol 
and 70% sterile distilled water) of antagonistic Aspergil-
lus allahabadii (Aab), A. flavipes (Afp), Penicillium cane-
scens (Pcn), P. fructuariae-cellae (Pfc), or Trichoderma 
brevicompactum (Tbr) were taken from the fungal cul-
ture collection, and transferred to Petri dishes contain-
ing potato dextrose agar (PDA). To ensure high conid-
ium production, the isolates were incubated at 25 °C 
under a 12 h light, 12 h dark cycle for 15 d.

Sterile distilled water was added to the mature cul-
tures, and conidia were dislodged into the water using a 
sterile spatula. The resulting conidium suspensions were 
then each homogenized with 50 µL of polyoxyethylene 
sorbitan monolaurate (Tween-20™), the conidia were 
counted with a haemocytometer (Thoma Slide™) under a 
light microscope (Olympus, model BX-51), and the con-
centration was adjusted to 108 conidia·mL-1. The basal 
regions (5 cm) of dormant canes (Vitis vinifera ‘Cardi-
nal’, 30 cm in length, with 2-3 buds) were dipped into 
the conidium suspension, and the canes were kept in 
this suspension at room temperature for 24 h.

The canes were then planted into the plastic pots (1 
L capacity) containing rooting medium (equal volumes 
of peat moss and perlite). To induce root and shoot for-
mation, the pots were kept in a climate controlled room 
(28 °C, relative humidity = 85%, 12 h light, 12 h dark 
cycle) for 4 weeks. The plants were then transferred to 
a lath-house to grow naturally for 4 months. During 
the growth period, the dormant cuttings were irrigated 
weekly with a liquid nutrient solution (20% nitrogen, 
20% phosphorus, 20% potassium, 0.02% copper, 0.05% 
iron, 0.02% manganese, and 0.02% zinc), and no pesti-
cides were applied. Twenty cuttings were used for each 
antagonistic species, and each cutting was planted into a 
separate pot.

In the second method, pure and highly sporulat-
ing PDA cultures of the antagonistic fungi were used to 
inoculate dormant canes. The basal ends of the canes 
were bluntly cut with sterilized pruning shears, and the 
fresh wounds were directly blotted on the surfaces of 
the sporulated cultures to ensure conidium adherence. 
The canes were then planted pots, placed in the con-
trolled climate room, and grown as described (above) 
for the first method.

To assess internal colonization by antagonistic fun-
gal species, grapevine plants were uprooted from the 
pots 4 months after planting, their roots were removed 
with pruning shears, and their basal parts were thor-
oughly washed under tap water. Segments (2 cm in 
length) were then cut from points 10 cm from the plant 
base, and were then surface disinfected for 3 min using 
a 2.5% sodium hypochlorite solution containing >5% 
active chlorine (Hypo: Koruma A.Ş). The segments were 
then rinsed twice in sterile distilled water and blotted 
with sterile paper towels. The bark tissues were then 
removed, internal tissues were cut aseptically with ster-
ile scissors, and 3–5 mm woody tissues were plated onto 
PDA amended with streptomycin sulfate (250 mg·L-1).

Internal stem colonization by the respective inocu-
lated fungi was determined as the percentage of fungus 
re-isolated. Twenty PDA Petri plates were used for each 
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antagonistic fungus, with each plate containing seven 
internal tissues from one cane segment. Re-isolation 
rates were assessed as proportions of tissue pieces yield-
ing antagonistic species.

Verifying endophytic colonization by PCR and gene 
sequencing

The re-isolated species were examined morphologi-
cally and microscopically, and species identifications 
were confirmed using PCR and gene sequencing.

Genomic DNA was extracted from Aspergillus, Peni-
cillium, and Trichoderma colonies using the CTAB (2%) 
protocol described by O’Donnell et al. (1998). ITS1, 5.8S, 
and ITS2 regions of the rDNA, beta-tubulin, and par-
tial translation elongation factor (TEF 1-α) genes were 
amplified with PCR reactions using ITS4/ITS5, Bt2a/
Bt2b, and EF688F/EF1251R primers (White et al., 1990; 
Glass and Donaldson, 1995; Alves et al., 2008). PCR 
reactions were carried out in a thermal cycler (Simpli-
Amp A24811™, Applied Biosystems) in 50 µL mixtures 
for each sample. Each reaction tube contained 25 µL of 
Thermo Scientific Master Mix (2X)™, 23 µL of PCR grade 
water (Lonza™), 0.5 µL of forward and reverse primers 
(10 pmol·μL−1), and 1 µL of genomic DNA (approx. 100 
ng·μL−1). PCR conditions were 95 °C for 3 min (initial 
denaturation), followed by 35 cycles each of denatura-
tion at 95 °C for 1 min, annealing at 52 °C (for ITS), 55 
°C (for beta-tubulin), or 53 °C (for TEF1-α), for 1 min, 
extension at 72 °C for 1 min, and final extension at 72 
°C for 10 min. Success of PCR reactions was then con-
firmed using agarose gel electrophoresis (1.5% agarose, 
Invitrogen) and visualization of DNA bands under a 
UV illuminator. PCR products were sequenced by Mac-
rogen Co. (South Korea), The sequences obtained were 
compared with those deposited in the NCBI GenBank 
database using the BLAST search (version 2.0; National 
Center for Biotechnology Information, United States 
National Institutes of Health).

Assessments of prophylactic capacity of antagonistic fungi 
against Botryosphaeriaece pathogens in grapevine cuttings 
(pot experiments)

The prophylactic capacities of endophytic fungi were 
assessed using two methods: (1) spraying conidium sus-
pensions onto open wounds in grapevine wood tissue, or 
(2) systemically inoculating dormant cuttings with these 
suspensions.

For Method (1), dormant Cardinal grapevine cut-
tings, each 30 cm long with 2 to 3 buds, were washed 

under tap water, then superficially disinfected in a 2.5% 
sodium hypochlorite solution for 3 min, then rinsed 
twice with sterile distilled water. Endophytic fungal 
isolates (five species, one isolate each) were incubated 
on PDA at 24 °C in the dark for 10 d. Sterile distilled 
water plus one to two drops of polyoxyethylene sorbi-
tan monolaurate (Tween 20™) were then added to heav-
ily conidiating cultures, and the conidium suspensions 
were adjusted to 10⁸ conidia mL-1 after counting conidia 
with a haemocytometer (Thoma Slide™). An internode 
on each cutting was wounded with a sterile 5 mm diam. 
cork-borer, the bark tissues were removed, and 25 µL of 
endophytic fungus conidium suspension was sprayed 
onto each wound using a fine droplet sprayer. These cut-
tings were then incubated at room temperature for 24 
h, and mycelium/agar plugs of the Botryosphaeriaceae 
fungi (eight species, one isolate each; Table 1) were then 
inoculated into the wounds. For inoculation controls, 
no endophytic isolates were inoculated, but pathogens 
were inoculated into the wounds (Blundell and Eskalen, 
2022). The inoculation points were each wrapped with 
parafilm to prevent desiccation of the inoculation agar 
plugs. The cuttings were then planted into plastic pots 
(1 L capacity) containing rooting medium (equal vol-
umes of peat moss and perlite). The plants were grown 
in a controlled climate room (28 °C, 85% relative humid-
ity, 12 h light:12-h dark cycle) for 4 weeks, to induce root 
and shoot formation. The pots were then transferred to 
the lath-house to grow naturally for 4 months. 

For Method (2), endophytic isolates were inoculated 
into grapevine cuttings as described by Benlioğlu and 
Özakman (1998). Transparent sterile rubber tubing was 
attached to both ends of each dormant grapevine cut-
tings. One end of the cutting was linked, via tubing, to 
a Buchner funnel fitted into an Erlenmeyer flask, which 
was then connected to an air pump (Merck Millipore) 
operating under negative pressure (-0.4 bar). One mL of 
each endophyte conidium suspension (108 conidia·mL-1) 
was then injected into the tubing at the opposite end 
using an automatic pipette, ensuring that the conidia 
entered each cutting. To facilitate endophyte colonization 
and prevent dehydration, the base sections of the cuttings 
were immersed in water in plastic containers, and were 
then incubated at 25 °C for 1 week. Internode sections of 
stems were then laterally drilled with an electric drill and 
2 mm diam. bit, and mycelium agar pieces of the respec-
tive pathogens were inoculated into the holes (Pouzoulet 
et al., 2013). The inoculation points were then wrapped 
with parafilm, and the cuttings were planted into the 
plastic pots (as described above). The cuttings were then 
grown in an climate controlled room (28 °C, 85% relative 
humidity, 12 h light:12 h dark) for 4 weeks to induce root 
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and shoot formation. The pots were then transferred to 
the lath-house to grow naturally for 4 months.

For both inoculation methods, six replicates per 
endophyte-pathogen combination (one plant per pot, each 
representing a replicate) were used, with completely rand-
omized experimental design for each testing method. The 
inoculation experiments were each conducted twice.

To evaluate the prophylactic effects of the endophyt-
ic isolates, in Method (1) lesion lengths were measured 
in wood tissues by removing bark tissues. In Method (2) 
lesions were measured after excising the plant stems lon-
gitudinally.

Variance analyses of data obtained were carried 
out for lesion length data to reveal differences between 
means of the treatments, and the statistically similar 
groups were determined by Fisher’s Least Significant 
Difference (LSD) test (P ≤ 0.05) in all the experiments 
(Gomez and Gomez, 1984).

Assessments of prophylactic activity of antagonistic fungi 
against Lasiodiplodia brasiliensis or Neofusicoccum par-
vum in field conditions

Trials to assess performance of endophytic isolates 
under field conditions were carried out in 2023 and 
2024, in a 7-year-old vineyard (‘Cardinal’ grapevines 
grafted on 1103 Paulsen rootstock) at the implementa-
tion area of Çukurova University Faculty of Agriculture. 

All the endophytic fungi listed in Table 1 (five spe-

cies, one isolate each) were used in field trials against the 
two most virulent pathogenic species (L. brasiliensis and 
N. parvum). To prepare inocula of the endophytic fungi, 
the isolates were grown on PDA at 25 °C under a 12 h 
light, 12 h dark cycle for 10 d. Conidium suspensions 
of the endophytic isolates were prepared as described 
above, and the suspension concentration in each sus-
pension was adjusted to 108 conidia·mL-1, after count-
ing using a haemocytometer. The vines were each spur-
pruned to three buds in March of 2023 or 2024. Imme-
diately after spur pruning, the endophyte conidium 
suspensions were sprayed onto fresh pruning wounds. 
Pathogen inoculations (with either L. brasiliensis or N. 
parvum) were the applied 24 h later.

Two pathogen inoculation methods were used. For 
the first, mycelium agar plugs of L. brasiliensis or N. par-
vum obtained from 10-d-old PDA cultures were placed 
onto pruning wounds, and were sealed with parafilm. 
For the second method, pycniospore suspensions were 
used as inoculum. Because sufficient pycniospores could 
only be produced by L. brasiliensis, this method was 
evaluated only for that species. Neofusicoccum parvum 
was therefore tested only using mycelium agar plugs. 
Positive experimental control wounds received ster-
ile distilled water instead of endophyte conidium sus-
pensions, and were inoculated with the pathogens 24 
h later. The experiment was arranged in a randomized 
complete block design, with four replicates. Each grape-
vine spur represented one replicate, and each vine car-

Table 1. Locations of source vineyards and grapevine cultivars, and details of the endophytic and pathogenic Botryosphaeriaceae fungi used 
in this study (with their respective NCBI GenBank sequence numbers).

Fungus species Isolate code Location
(in Türkiye)

Grapevine 
cultivar

GenBank accession numbers*

ITS BT TEF CAL

Endophytic species        
Aspergillus allahabadii BMAE208IB Tarsus, Mersin Tarsus Beyazı PP989656 PV864710 - -
Aspergillus flavipes BMAE161IB Tarsus, Mersin Tarsus Beyazı PP989655 PV864709 - -
Penicillium canescens BMAE291IB Tarsus, Mersin Tarsus Beyazı PP989657 - - PV864707
Penicillium fructuariae-cellae CUZF39HIK İslahiye, Gaziantep Dımışkı OM980658 - - PV791715
Trichoderma brevicompactum BMAE96IB Hassa, Hatay Hatunparmağı PP989654 - PV864708 -

Botryosphaeriaceae species       
Botryosphaeria dothidea BMAE155IB Pazarcık, K. Maraş Kabarcık PP703088 - PV795919 -
Diplodia olivarum BMAE184IB Toroslar, Mersin Tarsus Beyazı PP703095 - PV855303 -
Diplodia seriata BMAE68IB Tarsus, Mersin Tarsus Beyazı PP703073 - PP791972 -
Dothiorella omnivora BMAE290IB Saimbeyli, Adana Mücennis PP703108 - PV855304 -
Lasiodiplodia brasiliensis BMAE89IB Hassa, Hatay Horozkarası PP703079 - PV763370 -
Neofusicoccum australe BMAE229IB Tarsus, Mersin Tarsus Beyazı PP703105 - PV855300 -
Neofusicoccum parvum BMAE201IB Tarsus, Mersin Tarsus Beyazı PP703101 - PV795916 -
Neoscytalidium dimidiatum BMAE103IB Onikişubat, K. Maraş Mahrabaşı PP703081 - PV832488 -

*ITS, internal transcribed spacer; BT, β-tubulin; TEF, translation elongation factor 1-α; CAL, calmodulin.
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ried five spurs receiving different endophyte treatments. 
Six months after inoculation, spurs were collected, lesion 
lengths were measured, and pathogen re-isolations were 
carried out to confirm infections (Blundell and Eskalen, 
2022; Akgül et al., 2023). A total of 192 grapevines were 
used in the field experiments. The experiments were set 
up in separate vineyard blocks, with four replicates per 
block, and with randomized block designs. There were 
five spurs on each vine, and each spur formed one rep-
licate. On each vine, separate endophyte fungal isolates 
were inoculated onto each spur (five endophyte species 
plus one pathogen species on five spurs).

Six months after inoculations (in September 2023 
and September 2024), the spurs were cut to length 10–12 
cm, and lesion lengths were measured from the treated 
and non-treated spurs. The re-isolation procedure was 
used to confirm that the lesions were caused by the 
particular inoculated pathogens. Efficacy of treatments 
was calculated according to the Abbott formula [(lesion 
length in non-treated control - lesion length in treated 
spur) / lesion length in non-treated control) ×·100]. Vari-
ance analyses were carried out on these data to deter-
mine differences between means of lesion lengths, and 
statistically similar groups were determined by Fisher’s 
Least Significant Difference (LSD) test (P ≤ 0.05) in all 
experiments (Gomez and Gomez, 1984).

RESULTS

Abilities of antagonistic species to colonize grapevine cut-
tings

The re-isolation rates of endophytic fungal spe-
cies inoculated into grapevine cuttings using two differ-
ent methods, 10 cm from the basal ends of the cuttings, 
after 4 months, are shown in Table 2. Penicillium and 
Trichoderma species were re-isolated from inoculated tis-
sues 10 cm from the inoculation point, whereas Aspergil-
lus species were not detected. In general, the re-isolation 
percentages of endophytic species from internal tissues 
using the basal ends of the cuttings blotting-in-conidial-
mass method have been greater than from the conidium 
suspension immersion method. The Penicillium and 
Trichoderma species were re-isolated from woody tis-
sues located 10 cm above the inoculation points, whereas 
Aspergillus species were not detected. Among the assessed 
endophytes, Trichoderma brevicompactum gave the great-
est re-isolation frequencies, from both of the inoculation 
methods and in both years, ranging from 22.8 to 34.2%. 
Penicillium canescens and P. fructuariae-cellae were 
recovered at lower frequencies, ranging from 4.2 to 12.8% 
for P. canescens, and from 5.7 to 11.4% for P. fructuariae-

cellae. No re-isolations were obtained of Aspergillus alla-
habadii or A. flavipes from internal tissues sampled 10 cm 
from the basal ends of the cuttings. PCR amplification 
and gene sequencing confirmed that the re-isolated Peni-
cillium or Trichoderma colonies corresponded to the spe-
cies originally inoculated into the cuttings, showing 99% 
similarity in the respective BLAST analyses.

Prophylactic activity of antagonistic species against Botry-
osphaeriaceae fungi in grapevine plants

The effects of endophytic Aspergillus, Penicillium, or 
Trichoderma species on internal lesions caused by the 
eight Botryosphaeriaceae species were examined, focus-
ing on their protective effects on external plant wounds. 
As well, the question of how much endophytes could 
reduce lesions caused by pathogens, if they had systemi-
cally colonized the cuttings earlier, was also assessed, 
four months after inoculations, in grapevine plantlets 
not treated with endophytes (experimental controls), L. 
brasiliensis and N. parvum caused the longest lesions, 
whereas Diplodia olivarum and Neofusicoccum australe 
produced shorter lesions. In comparison, Botryospha-
eria dothidea, Diplodia seriata, Dothiorella omnivora, 
and Neoscytalidium dimidiatum caused shorter lesions 
than the previously fungi. All the endophytes applied to 
grapevine canes reduced (P ≥ 0.05) mean internal lesion 
lengths compared to the experimental controls.

All the endophyte treatments reduced mean lesion 
lengths (P ≥ 0.05) caused by the eight Botryosphaeriace-
ae species, compared with the pathogen-inoculated con-
trols in both years (Figures 1 and 2). Lasiodiplodia bra-
siliensis and Neofusicoccum parvum produced the long-
est lesions in the control plants, whereas Botryosphaeria 
dothidea, Diplodia seriata, Dothiorella omnivora, and 

Table 2. Mean re-isolation proportions for endophytic fungi from 
internal grapevine tissues sampled at 10 cm from the basal ends of 
grapevine rootstock cuttings.

Endophytic fungus species

Re-isolation proportions (%)

Dipping 
in conidial 
suspension

Blotting in 
conidial mass

2023 2024 2023 2024

Aspergillus allahabadii  -  -  -  -
A. flavipes  -  -  -  -
Penicillium canescens  11.4  4.2  12.8  7.1
P. fructuariae-cellae  8.5  5.7  11.4  8.5
Trichoderma brevicompactum  28.5  22.8  34.2  28.5
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Neoscytalidium dimidiatum caused comparatively short-
er lesions. Similar trends were observed in the wound-
protection and the systemic-inoculation experiments. 
Depending on the pathogen, endophyte species, or inoc-
ulation method, lesion reduction ranged from means of 
21.9% to 84.6%. The greatest reductions were obtained 
from Trichoderma brevicompactum against L. brasiliensis 
or N. parvum in the systemic inoculation experiments, 
whereas the lowest efficacy was observed for Aspergillus 
allahabadii against B. dothidea. Overall, Trichoderma 

treatments provided the greatest levels of protection, fol-
lowed by Penicillium species, while Aspergillus species 
generally gave lower efficacy.

Effects of antagonists on lesion development caused by 
Lasiodiplodia brasiliensis or Neofusicoccum parvum 
under field conditions

The effects of endophytic fungi on lesion develop-
ment caused by L. brasiliensis and N. parvum were evalu-

Figure 1. Mean lesion lengths (mm) caused by six Botryospha-
eriaceae fungi in grapevine plants under greenhouse conditions, 
following applications of five endophytic fungi (by wound spray-
ing). *Means (± standard errors) accompanied by different letters 
are different (P ≤ 0.05), as indicated by Fisher’s Least Significant 
Difference tests. Aabd, Aspergillus allahabadi; Aflv, A . flavipes); 
Pcan, Penicillium canescens; Pfc, P. fructuariae-cellae; Tbr, Tricho-
derma brevicompactum.

Figure 2. Mean lesion lengths (mm) caused by six Botryospha-
eriaceae fungi in grapevine plants under greenhouse conditions, 
following applications of five endophytic fungi (by systemic inocu-
lation). *Means (± standard errors) accompanied by different let-
ters are different (P ≤ 0.05), as indicated by Fisher’s Least Signifi-
cant Difference tests. Aabd, Aspergillus allahabadi; Aflv, A . flavipes); 
Pcan, Penicillium canescens; Pfc, P. fructuariae-cellae; Tbr, Tricho-
derma brevicompactum. 
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ated under field conditions in 2023 and 2024. Six months 
after inoculations, all Aspergillus, Penicillium, and Tricho-
derma treatments reduced internal lesion lengths (P 
≥ 0.05) compared with the pathogen-inoculated con-
trols (Figure 3; Table 3). All treatments reduced lesion 
lengths compared with the pathogen-inoculated controls. 
Overall, biological efficacy ranged from 42.8% to 71.8% 
against L. brasiliensis and from 51.0% to 69.6% against 
N. parvum. Among the tested endophytes, T. brevicom-
pactum consistently provided the greatest reductions in 
lesion development, whereas Aspergillus species gener-
ally showed lower efficacy. Penicillium canescens and P. 
fructuariae-cellae exhibited intermediate but consistent 
performance in both years. Similar trends were observed 
regardless of the inoculation method used.

DISCUSSION

This is the first study to evaluate local endophytic 
isolates against Botryosphaeriaceae pathogens in grape-
vines in Türkiye. To date, research has focused on spe-
cies such as T. asperellum, T. atroviride, T. harzianum, 
and T. viride, or antagonistic Bacillus bacteria, for effects 
on grapevine trunk pathogens (Billar de Almeida et al., 
2020; Langa-Lomba et al., 2023; Zanfano et al., 2025). 
Little data on bioactivity of T. brevicompactum against 
these pathogens has been reported. 

Aspergillus species can exist as pathogens or endo-
phytes in agricultural plants, and they are most preva-
lent in hot, arid regions (Sibakwe et al., 2017). Some 
endophytic Aspergillus species can protect plants to some 

Figure 3. Internal lesions in 1-year-old woody shoots of grapevine (‘Cardinal’), caused by Botryosphaeriaceae pathogens under field condi-
tions, following prior applications of endophytic fungi. a to f; Inoculation with L. brasiliensis: a, control (water); b, A. allahabadi; c, A. flavi-
pes; d, P. canescens; e, P. fructuariae-cellae; f ) T. brevicompactum. g to l; Inoculation with N. parvum: g, control (water); h, A. allahabadi; i, 
A. flavipes; j, P. canescens; k, P. fructuariae-cellae; l, T. brevicompactum.
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extent against adverse environmental stresses, includ-
ing high temperatures and drought, through the sec-
ondary metabolites they produce, and may these fungi 
can enhance plant growth (Ngo et al., 2021; Niaz et al., 
2024). As endophytes, Penicillium species can produce a 
variety of metabolites that protect plants from stresses, 
encourage plant growth, and inhibit the development 
of plant diseases. Poveda et al. (2025) reported that 
Trichoderma species have antagonistic activity against 
plant diseases, and have beneficial effects comparable to 
endophytes. These results are supported by the fact that 
the Aspergillus, Penicillium, and Trichoderma isolates 
employed by Poveda et al. (2025) were from old vine-
yards (>40-years-old) growing in the hot, arid regions 
of southern Türkiye. Their prevalence under these chal-
lenging conditions, and their stability, demonstrate their 
potential as biological control agents, and indicate that 
they have adapted to the local environment. According 
to Baron and Rigobelo (2022), soil-borne fungi in plant 
rhizospheres disrupt root hair apical dominance, infect 
root cortices with hyphae, and then spread to endoderm 
cells, pericycles, and xylem and phloem tissues. This 
lends credence to the theory that the grapevines may 
have been infected over time by soil-inhabiting Aspergil-
lus, Penicillium, and Trichoderma.

Although the re-isolation frequencies of Penicillium 
and Trichoderma species were moderate (4.2–34.2%), 
their recovery from woody tissues located 10 cm above 
the inoculation points demonstrated that these endo-
phytes were could establish within grapevine tissues fol-

lowing inoculations. The present study was designed to 
assess the ability of selected local endophytes to colonize 
grapevine cuttings, rather than to optimize colonization 
under nursery production conditions. Colonization effi-
ciency is likely to be influenced by factors such as inocu-
lum formulation, application method, frequency of expo-
sure, and environmental conditions during propagation. 
Previous studies have shown that Trichoderma-based 
biological control agents can establish in grapevine tis-
sues, and provide long-term protection when applied 
during nursery propagation processes (Berbegal et al., 
2020). Therefore, further research focusing on formula-
tion development and nursery-scale applications may 
provide knowledge to help improve establishment of 
these local endophytic isolates. The present study results 
further highlight the potential of Penicillium and Tricho-
derma as biological control agents, demonstrating that 
they can successfully colonize grapevine cuttings when 
adequately formulated.

Aspergillus allahabadi has previously been detected 
in the rhizospheres of tomatoes and cabbage in northern 
Benin, as well as in internal tissues of these plants (Affok-
pon et al., 2010). This fungus has also been found in 
root endodermis tissues of cinnamon plants in Thailand 
(Sadorn et al., 2016), and in agricultural soils in India 
and South Korea (Mehrotra and Agnihotri, 1962; Tagele 
et al., 2018). On the other hand, neither its rhizospheric 
nor endophytic forms have been documented in grape-
vines. Thus, the present study observation in Türkiye 
constitutes the first known detection of A. allahabadi in 

Table 3. Mean lesion lengths (± standard errors) and bio-control efficacy (%) from treatments with endophytic fungi against L. brasiliensis 
(Lbra) or Neofusicoccum parvum (Np) infections in field conditions

Endophyte Pycniospore inoculations Mycelium disc inoculations

Treatment
Lesion length (mm) Efficacy (%) Lesion length (mm) Efficacy (%)

2023 2024 2023 2024 2023 2024 2023 2024

Aab + Lbra  17.8 ± 0.9 b* 19.8 ± 1.4 b 47.0 42.8 15.5 ± 0.9 b 15.8 ± 0.6 b 51.6 53.0
Afp + Lbra 14.8 ± 0.3 c 17.3 ± 0.8 c 56.0 50.0 15.3 ± 0.9 b 15.0 ± 0.6 b 52.3 54.9
Pcn + Lbra 12.8 ± 0.5 d 12.5 ± 0.6 d 62.0 63.8 12.5 ± 0.3c 11.3 ± 1.0 c 60.9 66.1
Pfc + Lbra 12.0 ±0.4 de 12.8 ± 0.5 d 64.1 63.0 12.3 ± 0.9 c 11.5 ± 0.6 c 61.7 65.4
Tbr + Lbra 10.5 ± 0.5 e 11.3 ± 0.3 d 68.7 67.4 9.0 ± 0.7 d 10.0 ± 0.4 c 71.8 69.9
Control (Lbra) 33.5 ± 0.5 a 34.5 ± 0.6 a  -  - 32.0 ± 0.8 a 33.3 ± 1.3 a  -  -
Aab + Np  -  -  -  - 13.3 ± 0.3 b 14.3 ± 0.6 b 51.4 51.7
Afp + Np  -  -  -  - 12.0 ± 0.8 bc 11.3 ± 0.8 c 56.0 61.9
Pcn + Np  -  -  -  - 10.5 ± 0.6 cd 11.0 ± 0.4 c 61.5 67.8
Pfc + Np  -  -  -  - 11.3 ± 0.6 c 9.5 ± 0.6 cd 58.7 62.8
Tbr + Np  -  -  -  - 9.3 ± 0.5 d 9.0 ± 0.7 d 66.1 69.6
Control (Np)  -  -  -  - 27.3 ± 0.9 a 29.5 ± 0.5 a  -  -

*Means within columns are different (P ≤ 0.05), based on Fisher’s Least Significant Difference tests. Aab, Aspergillus allahabadi: Aflv, A . fla-
vipes; Pcn, Penicillium canescens; Pfc, P. fructuariae-cellae; Tbr, Trichoderma brevicompactum.
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grapevines. This species was isolated from a vine that was 
more than 40 years old, indicating, as with other plants, 
that it infects roots of grapevine plants before progres-
sively colonizing internal tissues. Aspergillus allahabadi 
and A. flavipes, on the other hand, have slower infection 
and colonization processes than Penicillium and Tricho-
derma species, which can be occur more rapidly in these 
tissues. This was shown by their inabilities to be isolated 
from woody tissues 10 cm from the stem bases, even at 
4 months after two separate inoculations. Trichoderma 
brevicompactum had a greater re-isolation rate than Peni-
cillium, suggesting a greater ability to persist or grow in 
grapevine cuttings in the internal tissues within 4 months.

This study has also shown that these endophytes 
prevented internal lesions caused by Botryosphaeriaceae 
pathogens in grapevine stems, at rates of up to 84.6% 
when applied as sprays over open trunk wounds or sys-
temically infiltrated into dormant grapevine cuttings. 
These results indicate that the endophytic isolates used 
in this study may have exerted their effects through 
competition for nutrients and for habitat, as well as 
through the secondary metabolites they produce. Sadorn 
et al. (2016) reported that A. allahabadi produced twelve 
different antimicrobial compounds, including allahabad-
olactones A and B. Ten of these compounds were found 
to inhibit growth of Bacillus cereus. Additionally, Nashat 
et al. (2024) investigated ability of A. flavipes isolated 
from grapevine trunks to prevent the in vitro mycelium 
growth of several grapevine trunk disease pathogens. 
Culture filtrates of A. allahabadi inhibited the mycelium 
growth of Ilyonectria liriodendri by 100%, of Botrytis 
cinerea by 49%, of Macrophomina phaseolina by 28%, 
and of Neoscytalidium dimidiatum by 3%.

Penicillium fructuariae-cellae was first discovered as 
a unique species on withered grape berries in the two 
Italian wine-producing regions of Soave and Valpolicella, 
and was classified as a weak pathogen (Lorenzini et al., 
2019). Its presence on grapevine trunks in Türkiye was 
later reported by Akgül and Kara (2022), who discovered 
that it had antagonistic properties that prevent growth 
of other fungi associated with GTDs. Building on these 
results, the present study has shown that P. fructuari-
ae-cellae has potential to be an antagonistic fungus for 
use in grapevine wound protection, producing systemic 
infections and protecting grapevine wounds by 42 to 
78.8%. Beyond grapevines, the study of Ren et al., (2024) 
in China showed that applying culture filtrates of endo-
phytic P. fructuariae-cellae isolates as sprays to seedling 
shoots decreased (by approx. 50-60%) internal lesions 
caused by Diplodia sapinea, a pathogen linked to shoot 
dieback of Mongolian pine. Through processes including 
nutrient and space competition, the treatment also had 

positive impact on Mongolian pine microbiota. Simi-
larly, P. canescens isolated from grapevine roots reduced 
in vitro mycelium growth of pathogenic Cytospora chrys-
osperma, associated with GTDs, by 39% (using a dual 
culture assay) (Pazooki et al. (2026) in Iran. Penicillium 
canescens has been proposed as a possible biocontrol 
agent based on this effect, which is due to the synthesis 
of secondary metabolites (Toghueo and Boyom, 2020).

Biocontrol studies on grapevine plants and mature 
vines under field conditions using Trichoderma species 
have shown that fungi are consistently preferred over 
others, due to their significant activities. For example, in 
southern Italy (Urbez-Torres et al., 2020), protective and 
tissue-colonizing properties of eight Trichoderma species 
isolated from grapevines against infections by Diplodia 
seriata, N. parvum, and Eutypa lata were examined. Of 
these, T. atroviride, T. koningiopsis, and T. paratroviride 
provided the strongest protection and host colonization 
abilities, while the other species showed comparatively 
lower performance. Contrary to present study results, T. 
brevicompactum was not detected in the southern Ital-
ian vineyards where isolations were carried out. These 
results indicate regional variability in presence and bio-
control effectiveness of different fungal species. In simi-
lar in Chile (Silva-Valderrama et al., 2021), endophytic 
Clonostachys rosea and Trichoderma sp. obtained from 
grapevine rhizospheres and internal tissues inhibited D. 
seriata, N. parvum, and Phaeomoniella chlamydospora 
in grapevine cuttings. Clonostachys rosea gave stronger 
inhibitory effects than Trichoderma sp., likely due to a 
dual mechanism involving both hyperparasitism and 
antibiosis. These results show that performance of endo-
phytic isolates can vary with regional and experimental 
conditions. Pollard-Flamand et al. (2023) conducted stud-
ies in Canada in greenhouse and field conditions, com-
paring how local isolates of T. asperelloides, T. atroviride, 
and T. canadense protected grapevine wounds after prun-
ing, alongside a commercial product (T. atroviride 77-b) 
and a fungicide (tebuconazole + boric acid). The local T. 
atroviride and T. asperelloides together reduced lesions of 
D. seriata and N. parvum by 93 to 100%, and this com-
bination gave better pathogen control than commercial 
treatments in glasshouse and field conditions.

A limitation of the present study was that pycnio-
spore inoculations could not be assessed for N. parvum 
under field conditions. Despite repeated attempts using 
the methods of Amponsah et al. (2008), pycniospore 
production by the isolate used in the present study 
remained insufficient for inoculation experiments. Con-
sequently, mycelium agar plugs were used as inoculum 
for N. parvum. Since Botryosphaeriaceae species natu-
rally infect pruning wounds primarily through airborne 
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conidia, results obtained with mycelium inoculations 
should be interpreted with caution, although use of 
mycelium plugs is a common experimental approach for 
evaluating susceptibility of grapevine tissues and efficacy 
of pruning wound protectants under controlled condi-
tions (e.g. Blundell and Eskalen, 2022). Future research 
should evaluate endophytic fungi for effects on naturally 
produced pathogen conidia under field conditions.

CONCLUSIONS

This study has demonstrated the biocontrol poten-
tial of vineyard-origin endophytic Penicillium and 
Trichoderma species from the Eastern Mediterranean 
Region (Türkiye) against Botryosphaeriaceae pathogens, 
in laboratory and field conditions. This is also the first 
report of P. fructuariae-cellae and T. brevicompactum 
applications against GTDs. While Aspergillus species 
showed lower performance than other candidate fungi, 
they still protected grapevine pruning wounds. Effective 
colonization and systemic establishment of Penicillium 
and T. brevicompactum, together with substantial wound 
protection, indicates that these local isolates merit fur-
ther evaluation for nursery and field uses. Nevertheless, 
practical applications in vineyards require formulation 
development and further field performance assessments 
across different locations.
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Summary. Ornamental plants can be reservoirs of plant viruses, facilitating virus dis-
semination through international trade. In this bougainvillea study, 58 samples col-
lected from six ornamental nurseries in Apulia (southern Italy) were screened for 
the presence of known bougainvillea-infecting viruses, using PCR assays. Among the 
viruses tested, only Bougainvillea chlorotic vein banding virus (BCVBV) was detected, 
occurring in five (8.6%) of the samples, whereas Impatiens necrotic spot virus (INSV), 
Clerodendron yellow mosaic virus (ClYMV), tomato yellow ring virus (TYRV), and 
cucumber mosaic virus (CMV ) were not detected. High-throughput sequencing 
(HTS) of one BCVBV-positive sample (O54) enabled reconstruction of a complete 
viral genome, designated BCVBV Mini-Thai (GenBank accession no. PQ682517). A 
second HTS analysis of a pooled set of PCR-negative samples revealed a genetically 
distinct BCVBV isolate that was not detected by PCR using previously published prim-
ers. The complete genome of this isolate was reconstructed through contig assembly 
and gap-filling PCR using newly designed primers, and was named BCVBV Apulia 
1 (PQ682518). The genome of Mini-Thai was 8,822 nucleotides long, and had high 
nucleotide (98.5%) and amino acid (98.7%) similarities with the Malaysian isolate 
BCVBV-UKM. In contrast, BCVBV Apulia 1 (PQ682518) was 8,694 nucleotides long 
and had greatest nucleotide similarity (81.6%) with the Brazilian isolate BCVBV UNB-
01, with 84.0% amino acid similarity in the polyprotein. Both isolates had typical 
Badnavirus genome organization, with four open reading frames, and clustered in dis-
tinct phylogenetic clades. Further screening of the 58 collected samples using primers 
designed on the Apulia 1 isolate detected seven (12.1%) additional infected samples. A 
primer set targeting conserved genomic regions was also developed, enabling detection 
of both isolates. This report is the first detection of BCVBV in Italy and Europe, and 
also reveals the presence of a genetically divergent isolate of this virus.
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INTRODUCTION

Bougainvillea is a perennial ornamental plant 
genus that is widely cultivated and traded. Bougainvil-
lea (Nyctaginaceae) includes 18 species, of which three 
are of major commercial importance: Bougainvillea 
spectabilis Willd., B. glabra Choisy, and B. peruviana 
Bonpl. (Abarca-Vargas and Petricevich, 2018). Numer-
ous hybrids and cultivars have arisen from interspecific 
crosses or spontaneous hybridizations where these spe-
cies are co-cultivated, such as in East Africa, India, the 
Canary Islands, Australia, North America, and the Phil-
ippines (Datta et al., 2021).

Despite its global distribution, relatively few viral 
diseases have been reported in Bougainvillea, likely 
reflecting limited research attention rather than true 
resistance. The most studied virus is Bougainvillea chlo-
rotic vein banding virus (BCVBV; Badnavirus venabou-
gainvilleae), a putative Badnavirus first described in Bra-
zil on B. spectabilis (Chagas et al., 2001) and subsequent-
ly confirmed at the molecular level by Rivas et al. (2005). 
A related Badnavirus infecting B. glabra, associated with 
chlorotic spot and mild mosaic symptoms, was also 
reported in Brazil (Yamashita et al., 2004). A complete 
genome sequence of this virus, initially named Bou-
gainvillea spectabilis chlorotic vein-banding virus, was 
characterized in Taiwan by Wang and coworkers in 2007 
(NC_011592). Similar pathogens were later described in 
Taiwan, India, and Malaysia (Tsai et al., 2008; Baranwal 
et al., 2010; Yusop et al., 2019), and were subsequently 
assigned to BCVBV by the International Committee on 
Taxonomy of Viruses (2026). Another Badnavirus, show-
ing 75% similarity to BCVBV and named Bougainvillea 
glabra chlorotic spot virus-Egypt (BgCSV-E), was report-
ed in Egypt (Abdel-Salam, 2020).

The BCVBV genome consists of a circular dsDNA 
molecule of 8,759 bp containing four ORFs. Molecular 
analyses of Brazilian and Asian isolates have indicated 
the presence of at least three novel Badnavirus species or 
strains infecting Bougainvillea (Alexandre et al., 2016). 
Typical symptoms caused by these viruses include leaf 
mottling, vein banding, chlorosis, and distortion, and 
plant stunting (Bhat et al., 2016).

Other viruses reported in Bougainvillea include: 
Clerodendron yellow mosaic virus (ClYMV, Begomo-
virus clerodendronflavi) infecting B. peruviana in India 
(Nehra et al., 2014); Impatiens necrotic spot virus (INSV, 
Orthotospovirus impatiensnecromaculae) in Iran (Shah-
raeen et al., 2002); tomato yellow ring virus (TYRV, 
Orthotospovirus tomatanuli) (Ghotbi et al., 2005); and 
cucumber mosaic virus (CMV, Cucumovirus CMV) on B. 
spectabilis (Shahmohammadi et al., 2015).

The present study investigated occurrence of viruses 
in Bougainvillea spp. in ornamental nurseries in Apulia 
(Southern Italy) and outlines the first detection of Bou-
gainvillea chlorotic vein-banding virus in Bougainvillea 
spp. in Italy.

MATERIALS AND METHODS

Plant material

From April to June 2022, 58 leaf samples were col-
lected from symptomatic (chlorotic leaf spots and mot-
tling) and asymptomatic bougainvillea plants, in six 
ornamental nurseries in Apulia (Southern Italy), located 
in Terlizzi (n = 16), Valenzano (n = 8), Sammichele di 
Bari (n = 6), Monopoli (n = 25), and Muro Leccese (n = 
3) (Supplementary Table S1).

DNA and RNA extractions

DNA was extracted using a CTAB-based protocol 
(Doyle, 1991). Approximately 50 to 80 mg of midribs 
and petioles from each leaf sample were homogenized 
in CTAB buffer (1M Tris-HCl, NaCl, 0.5M EDTA, 2% 
CTAB, 2.5% PVP40), then incubated at 65 °C, purified 
with chloroform: isoamyl alcohol (24:1), precipitated 
with isopropanol, and then resuspended in sterile water 
for storage at –20 °C. Total RNA was extracted accord-
ing to Foissac et al. (2001), using a guanidine thiocy-
anate-based buffer and silica particle purification. Nucle-
ic acid quality and concentrations were assessed using a 
Qubit™ Fluorometer (ThermoFisher Scientific) and aga-
rose gel electrophoresis (1.2% TBE). Purified DNAs were 
stored at –20 °C until further analysis.

Complementary DNA synthesis and PCR assays

cDNA was synthesized from 500 ng of total RNA, 
using 1 μL random hexamer primers (0.5 mg mL-1) and 
M-MLV reverse transcriptase (200 U μL-1), according to 
the manufacturer’s instructions (Thermo Fisher Scien-
tific).

PCR reactions were carried out using DreamTaq 
DNA Polymerase (5 U μL-1), each in a final volume reac-
tion of 25 μL, with 2.5 μL of cDNA as template. Dif-
ferent primer sets were used for each virus (Table 1). 
Cycling conditions each consisted of an initial dena-
turation at 94°C for 4 min, followed by 40 cycles each of 
94°C for 30 s, annealing at 50–55°C for 35 s, and 72°C 
for 45–50 s, with a final extension at 72°C for 7 min. All 
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amplifications were carried out in a Bio-Rad T100 ther-
mal cycler. Amplified products were analysed on 1.2% 
agarose gels and were sequenced using Sanger sequenc-
ing by Eurofins Genomics, Germany.

High-Throughput Sequencing (HTS) using Illumina

Based on the results of the previous molecular 
analyses, one virus-infected sample was selected for 
high-throughput sequencing (HTS). In addition, HTS 
was used for a pooled set of 20 randomly selected and 
apparently negative samples, to investigate the possible 
presence of other, potentially unknown viruses, or of 
highly divergent isolates of known viruses that may not 
have been detected by the primers used in the initial 
molecular assays. A total of 500 ng of RNA was used for 
ribosomal RNA (rRNA) depletion, carried out by Euro-
fins Genomics, Ebersberg, Germany. Library prepara-
tion was subsequently carried out, followed by fragment 
amplification and purification. Illumina sequencing was 
then used on the reverse-transcribed templates, with a 2 
× 150 bp paired-end sequencing run to obtain approx. 5 
million sequence pairs (10 million reads per sample per 
pool) (Eurofins Genomics).

Sequence and library analysis

Raw reads were processed using Geneious Prime 
2024.0. Quality assessment and trimming were car-
ried out using the BBDuk package (k-mer length = 21, 
allowing one mismatch). Filtered reads were then error-
corrected and normalized using BBNorm, targeting 40× 
coverage, while retaining regions with minimum depths 
of 6×. De novo assembly was carried out using SPAdes 
v3.15.5 (Bankevich et al., 2012). The resulting contigs 
were screened for sequence homology using BLASTx 

(e-value cut-off 10⁻⁶ to 10⁻²) and BLASTn against the 
NCBI viral RefSeq database (accessed 6 May 2025). 
Complete virus genomes were reconstructed by reference 
mapping using the Geneious mapper, with the medium 
sensitivity / fast setting and associated default parame-
ters, and remaining gaps were filled by designing addi-
tional primers. Preliminary phylogenetic relationships 
were inferred in Geneious, using the Maximum Likeli-
hood method with 1,000 bootstrap replicates.

RESULTS

PCR detection of Bougainvillea viruses

The PCR assays carried out on the 58 bougainvillea 
samples detected presence of one virus, BCVBV, of the 
five viruses assessed. Five plants (P53, P54, P55, O54, 
O58), all of Mini Thai cultivar, were found to be infect-
ed (8.6% of the samples): two were from Terlizzi and 
three from Monopoli. None of the infected plants exhib-
ited symptoms at the time of sampling. Contrary to the 
413-bp amplicon size reported by Tsai et al. (2008), the 
same primers in this study amplified a 390-bp fragment, 
due to sequence differences between the virus isolates. 
Sequence analysis of 390 bp amplicons revealed 99.6 to 
100% nucleotide similarities among them, and 97.2 to 
99.6% similarities with the BCVBV UKM isolate from 
Malaysia (GenBank accession no. MK501794).

High-Throughput Sequencing (HTS) and subsequent PCR 
assays

The Illumina sequencing run carried out on RNA 
extracted from a single BCVBV-positive sample (O54) 
yielded 6.4 million paired-end reads, and 10.6 million 
paired-end reads from the pooled PCR-negative samples. 

Table 1. List of primers used for RT-PCR detection of viruses in bougainvillea plants.

Virus Primers Sequence 5ʹ- 3ʹ Amplicon 
size (bp) References

Bougainvillea chlorotic vein banding virus 
(BCVBV)

BCVBV-1
BCVBV-2

ACAGCGATTTCATTGCTGTG
GACTAGTTCTCGATCAGAAGG 413 Tsai et al., 2008

Clerodendron yellow mosaic virus (ClYMV) ClYMV-FP
ClYMV-RP

GTGTGAATATTGGTTGCATCATGTGGG
ACCCAGGCCTGTCTTCTTGTGACG 313 Akram et al., 2020

cucumber mosaic virus (CMV) CMV-F4
CMV-F3

TGAGTCGAGTCATGGACAAA
CTCCCAGTCTGATTCCGTGT 657 Lin et al., 2003

Impatiens necrotic spot virus (INSV) INSV-F3
INSV-R2

GCAAAGATTACCAAGGAG
TCCCAAAATCAATAGTAGC 763 Elliott et al., 2009

tomato yellow ring virus (TYRV) TYRV-F
TYRV-R

ACTCATTAAAATGCATCGTTCT
CTAAGTAAACACCATGGCTACC 912 Birithia et al., 2012
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After quality filtering, these were each reduced to approx. 
2.7 and 4.8 million high-quality reads. De novo assembly 
produced 13,454 contigs from sample O54 with contig 
lengths of 200 to 2,082 bp, and 32,126 contigs from the 
pooled samples with contig lengths of 160 to 1,452 bp.

BLASTn and BLASTx analyses revealed presence of 
BCVBV in both datasets. Using three contigs of vary-
ing lengths obtained from the BCVBV-infected sam-
ple (O54), the complete virus genome was successfully 
reconstructed. This isolate was tentatively designated as 
BCVBV isolate Mini Thai (PQ682517), as it was detect-
ed exclusively in the Mini-Thai cultivar. The assembled 
genome was 8,822 bp in length and had 98.5% nucleo-
tide similarity with the BCVBV UKM isolate.

In the pooled sample, which had initially test-
ed negative by PCR, several contigs were assembled. 
These were used for preliminary identification of virus 
sequences and showed greatest nucleotide similari-
ties (from 70 to 90%) with the Brazilian isolate BCVBV 
UNB-01 (GenBank accession number MK473389). How-
ever, mapping against this reference genome revealed 
several gaps, indicating incomplete genome coverage.

To investigate the prevalence of this putative diver-
gent variant, the specific primer pair BVs-ACAA-
GA AGA ATCAGGA AGCT / BVas-CA ATGGTGCA-
GAGGGTTT was designed to amplify a 197 bp fragment 
within the most divergent genomic region identified dur-
ing mapping against the BCVBV Mini-Thai isolate. Of the 
58 samples tested, seven (12.1%) were positive, including 
O109, O110, P47, P48, C4, O77, and O81, (Supplementary 
Table S1). None of the five plants infected with the Mini-
Thai isolate tested positive with these primers.

To complete the virus genome, ten additional primer 
pairs were designed based on the newly assembled contigs 

and their alignments with the BCVBV UNB-01 reference 
genome, allowing all the remaining gaps to be bridged 
(Supplementary Table S2). PCR assays using these prim-
ers were carried out on a single positive sample (P47), and 
all target regions were successfully amplified. The result-
ing sequences were assembled to reconstruct the com-
plete genome of the virus isolate, which was designated as 
BCVBV Apulia 1 (GenBank accession no. PQ682518).

A universal primer set was developed by aligning all 
available BCVBV sequences in GenBank together with 
those obtained in the present study. Primers (7bs- GAC-
CTCACCACATGGAGATA and 7ba-AGGRTKATCT-
CYTCTTTGTCAA), targeting a highly conserved region, 
reliably amplified a 330 bp fragment within the polypro-
tein of the Mini-Thai and Apulia 1 isolates (Figure 1).

Characterization of BCVBV isolate genomes

Both BCVBV isolates identified in the present study 
retained the typical genome organization of badnavi-
ruses. BCVBV Apulia 1 possessed a double-stranded 
DNA genome of 8,694 nt, in which four open reading 
frames (ORFs) were identified. The functions of ORF1, 
ORF2, and ORF4 remain unknown; these ORFs encode 
proteins of, respectively, 151, 145, and 197 amino acids 
(Figure 2 A). ORF3, the largest coding region, encodes a 
polyprotein of 2,214 amino acids, containing, in sequen-
tial order, motifs corresponding to a zinc-finger domain, 
a pepsin-like aspartic protease domain, a reverse tran-
scriptase domain, and an RNase H-like domain. The 
genome is flanked by two non-coding regions (NCRs), 
measuring 537 nt at the 5′ end and 349 nt at the 3′ end.

The BCVBV Mini-Thai genome shared high nucle-
otide similarity (98.5%) with the Malaysian BCVBV 

Figure 1. PCR amplifications of BCVBV isolates Apulia 1 and Mini-Thai, using isolate-specific and universal primers. Lane 1: 50 bp DNA 
ladder. Lanes 2 to 5: amplifications with primers BVs/BVa; lanes 6 to 9: amplifications with primers BCVBV-1/BCVBV-2; lanes 10 to 13: 
amplifications with universal primers 7bs/7ba. For each primer set, lanes 2 and 3, 6 and 7, and 10 and 11 correspond to isolate Apulia 1, 
while lanes 4 and 5, 8 and 9, and 12 and 13 correspond to isolate Mini-Thai. Lane 14 is the negative control.
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UKM isolate. Its genome consisted of 8,822 nt and 
contained four ORFs: ORF1 encoding a protein of 150 
amino acids, ORF2 of 147 amino acids, ORF3 (poly-
protein) of 2,254 amino acids, and ORF4 encoding 
a protein of 199 amino acids (Figure 2B). The 5′ and 
3′ non-coding regions (NCRs) were, respectively, of 
lengths 509 nt and 447 nt.

BLASTn analysis of the complete BCVBV Apulia 1 
genome revealed greatest nucleotide similarity (81.6%) 
with the BCVBV UNB-01 isolate, whereas the least simi-
larity (73.7%) was with the Taiwanese BCVBV isolate 
(NC_011592).

Detailed pairwise comparison of the polyprotein 
sequences between the two isolates identified in this 
study (Apulia 1 and Mini-Thai), previously reported as 
BCVBV isolates, and with other members of Badnavi-
rus, confirmed the high divergence of Apulia 1 (Table 
2). Sequence divergence ranged from 19.5% to 23.4% at 
nucleotide level, and from 15.4% to 19.0% at amino acid 
level. This comparison is particularly relevant, as this 
genomic region forms the basis for species demarcation 
criteria within Badnavirus, which is currently set at 20% 
nucleotide divergence.

Phylogenetic analyses based on the amino acid 
sequences of the polyprotein were carried out for the 
same viruses and isolates. Consistent with the results 
of the pairwise sequence comparison, two major clades 
were identified. Clade 1 comprised exclusively BCVBV 
isolates, with the Apulia1 isolate clustering in a subclade 
with the UNB-01 isolate, whereas the Mini-Thai isolate 
formed a separate subgroup with the Taiwanese and 
Malaysian (UKM) isolates. The remaining Badnavirus 
members included in the analysis clustered in a distinct, 
separate clade (Figure 3).

DISCUSSION AND CONCLUSIONS

Ornamental plants may serve as reservoirs of plant 
viruses, facilitating virus spread through international 
trade. Movements of infected plant material have repeat-
edly been associated with introductions of emerging 
pathogens into new areas, often with significant econom-
ic and environmental impacts. A notable example was 
introduction of Xylella fastidiosa into Italy via infected 
ornamental coffee plants, which resulted in severe out-

Figure 2. Genome organization of the two BCVBV isolates, showing the relative positions of the ORFs: (A) isolate Apulia 1; (B) isolate 
Mini-Thai.

Table 2. Pairwise comparison matrix of polyprotein sequences from different BCVBV isolates and other Badnavirus members, based on 
nucleotide and amino acid sequences.

% similarity of polyprotein sequences (nt)

Mini-Thai UKM TWN Apulia 1 UNB-01 BVF DBALV2 MBV1 RYNV GVBaV PVCV

%
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aa

)

Mini-Thai 98.6 99.3 76.6 75.3 43.8 42.0 38.7 41.4 39.3 37.3
UKM 98.7 98.6 76.8 75.7 43.8 41.8 38.7 41.4 39.4 37.3
TWN 98.5 98.7 76.7 75.5 43.9 42.0 38.8 41.5 39.4 37.3
Apulia 1 82.5 83.3 82.7 80.5 43.0 42.1 38.9 41.3 39.1 35.7
UNB-01 81.0 81.8 81.5 84.6 43.5 41.8 39.1 40.8 39.3 35.9
BVF 35.8 36.0 36.1 36.2 36.0 40.6 39.1 38.9 38.9 25.3
DBALV2 33.8 34.2 34.1 34.7 34.5 38.6 46.9 36.7 38.1 24.5
MBV1 32.2 32.6 32.5 32.6 32.5 35.1 40.8 35.8 36.3 23.6
RYNV 31.6 31.8 31.8 32.3 32.2 35.3 32.4 32.3 54.6 24.9
GVBaV 33.8 34.1 33.9 33.7 34.3 36.9 34.1 34.3 50.4 23.3
PVCV 16.3 16.4 16.3 15.9 16.2 15.2 14.2 13.6 12.7 13.8
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breaks of the bacterium infections in olive orchards in 
southern Italy (Saponari et al., 2013). These cases high-
light the importance of effective phytosanitary measures 
and early pathogen detection systems.

In the present study, BCVBV was detected for the 
first time in Italy and in Europe. Initial RT-PCR screen-
ing associated the virus exclusively with the Mini Thai 
cultivar, with all infected plants (8.6% of those assessed) 
remaining asymptomatic at the time of sampling. Within 
the limits of this survey, no evidence of virus spread to 
other cultivars grown in close proximities was observed. 
Symptoms recorded during the surveys were not asso-
ciated with any of the detected virus agents, suggesting 
that the symptoms may have been caused by physiologi-
cal disorders or other biotic factors.

HTS analyses were essential for the detection of a pre-
viously undetected and genetically divergent isolate, desig-
nated BCVBV Apulia 1. This isolate had polyprotein nucle-
otide divergence ranging from 23.2 to 23.4% compared to 
other known BCVBV isolates, with the exception of isolate 
UNB-01, from which it differed by 19.5%. UNB-01, simi-

larly to Apulia 1, also had divergence values exceeding 20% 
relative to other BCVBV isolates (Table 2). Current guide-
lines establish a 20% polyprotein nucleotide divergence 
as the species demarcation threshold within Badnavirus 
(Fauquet et al., 2005; International Committee on Taxon-
omy of Viruses, 2026). Therefore, Apulia 1, together with 
UNB-01, should be considered as a new species within 
Badnavirus, rather than BCVBV isolates, unless this demar-
cation threshold is increased. Subsequent targeted assays 
showed presence of BCVBV Apulia 1 in additional samples 
(12.1%) across different host cultivars, increasing the over-
all BCVBV infection rate to 20.7% when both isolates were 
considered. These results highlight the limitations of con-
ventional PCR assays for genetically variable viruses, and 
the requirement for continuous refinement of virus diag-
nostic tools (Adams et al., 2013; Massart et al., 2014).

Development of a primer set capable of detecting 
both the Mini-Thai and Apulia 1 isolates is a diagnos-
tic improvement, although further validation is required 
across a greater range of isolates than assessed in the  
present study. The absence or mildness of symptoms in 
infected plants indicates possible latent infections, possi-
bly influenced by host age or environmental conditions. 
Latent infections would increase risks of spread of unno-
ticed viruses in ornamental production systems. Previ-
ous reports describing severe symptoms (Yamashita et 
al., 2004; Tsai et al., 2008; Bhat et al., 2016) indicate that 
pathogenicity of the isolates requires further assessment.

The present study has expanded knowledge of the 
distribution and genetic diversity of BCVBV, report-
ing its presence in Europe, and identifying a highly 
divergent BCVBV isolate. These results demonstrate the 
added value of integrating HTS with conventional diag-
nostic approaches to improve the detection and manage-
ment of plant viruses in ornamental crops, thereby sup-
porting effective phytosanitary strategies for virus dis-
ease management.
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Summary. Citrus gummosis (citrus foot rot), commonly associated with Phytophtho-
ra spp. in citrus orchards, significantly limits citrus production in semi-arid regions, 
causing trunk cankers, gum exudation, and substantial yield losses. Field efficacy of 
an integrated disease management (IDM) programme combining chemical, cultural, 
and nutritional strategies was evaluated for reducing disease incidence and enhancing 
tree vigour and fruit yield. Over two years, trials were carried out across 12 commer-
cial orchards. Cultural measures included soil aeration by collar excavation, conver-
sion to dual-line drip irrigation, and application of well-decomposed organic manure 
as a surface mulch within the drip line. Assessments included disease incidence, 
severity of gum exudation, host plant vegetative growth, and fruit yields. Six months 
after implementation, disease incidence decreased from 65% at baseline to 20 ± 3% 
in the surviving IDM-treated trees, compared with 65 ± 5% in the untreated con-
trols (GLMM treatment effect: χ²(1) = 48.3, P < 0.001). IDM-treated trees exhibited a 
40% increase in shoot length and a 38% increase in trunk-diameter increment, while 
mean fruit yield increased from 15 ± 2 to 25 ± 3 kg tree⁻¹, corresponding to a 66.7% 
increase (P < 0.001). The IDM programme also improved tree recovery relative to the 
untreated controls in the semi-arid orchards evaluated. Although this IDM package 
gave short-term efficacy under the semi-arid conditions evaluated, its regional trans-
ferability should be validated through multi-location trials before broad implementa-
tion. Because Phytophthora pathogens were not isolated and identified, these results 
came from management of a macroscopic gummosis symptom complex, so long-term 
economic analyses and robust epidemiological monitoring are required to substantiate 
robust field recommendations.

Keywords.	 Soil waterlogging, orchard sanitation, fungicide management, tree recov-
ery, soil aeration.
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INTRODUCTION

Citrus gummosis, caused primarily by the oomy-
cete pathogens Phytophthora nicotianae, P. citrophthora, 
and P. palmivora, is among the most destructive diseas-
es affecting citrus production, with particularly severe 
impacts in semi-arid regions (Hamdan et al., 1995; 
Ippolito et al., 2004; Hussain et al., 2025). The disease 
causes gum exudation from distinct citrus tree corti-
cal lesions and trunk cankers, accompanied by longi-
tudinal cracking and bark necroses, which gradually 
reduces tree vigour and fruit yields (Cacciola and Mag-
nano di San Lio, 2008). Infected trees typically show ini-
tial symptoms at crown or collar regions, with necrotic 
lesions progressing upward to form extensive cankers 
that can lead to tree death if left unmanaged. The patho-
gens thrive under conditions of excessive soil moisture 
and poor aeration, where motile zoospores readily infect 
roots and the host collar regions. Irrigation management 
and soil drainage are therefore important determinants 
of disease incidence and severity. Yield losses attributed 
to citrus gummosis range from 10 to 30% in areas with 
environmental conditions favourable for pathogen sur-
vival and spread (Chaudhary et al., 2016; Chaudhary et 
al., 2020).

Growers have traditionally managed citrus gummo-
sis by using resistant rootstocks, pruning infected bark 
tissues, improving soil drainage, and avoiding exces-
sive irrigation, in addition to applying systemic fungi-
cides such as metalaxyl and fosetyl-Al (Leoni and Ghini, 
2006; Cacciola and Magnano di San Lio, 2008; Mekonen 
et al., 2015). However, single-component disease man-
agement methods often fail because Phytophthora pop-
ulations can rapidly develop fungicide resistance and 
maintain persistent soilborne inoculum (Bittner et al., 
2017; Massi et al., 2021; Moreira et al., 2023; Islam et 
al., 2024). Integrated disease management (IDM), which 
combines chemical treatments with cultural and nutri-
tional interventions, offers potential to reduce patho-
gen pressure and accelerate tree recovery (Razdan and 
Sabitha, 2009; Gilardi et al., 2013; Lahlali et al., 2024). 
For example, adding organic manure to soil enhances 
its structure and aeration, which reduces the survival 
of Phytophthora propagules (Kim et al., 1997; Núñez-
Zofío et al., 2011; Farooq et al., 2024). Likewise, foliar 
sprays of humic acid and calcium chelates can enhance 
tree vigour and increase resistance to stress conditions 
(Ramírez-Gil and Morales-Osorio, 2020; Ennab et al., 
2023; Amerian et al., 2024).

Despite these advancements, few studies have evalu-
ated integrated management programmes under the 
specific environmental conditions of semi-arid citrus 

production regions such as Jahrom and Qir in south-
ern Iran, where high temperatures and irregular rainfall 
intensify disease impacts. Combined effects of fungicide 
applications, irrigation system modifications, trunk sani-
tation, and nutritional supplements also remain poorly 
documented for these agro-ecological zones (Rovetto et 
al., 2024).

The present study was designed to test effectiveness 
of an integrated management strategy for citrus gummo-
sis in commercial orchards of Jahrom and Qir. The pro-
gramme combined systemic fungicides (metalaxyl and 
fosetyl-Al), soil and trunk sanitation, conversion from 
flood to drip irrigation, and foliar nutrition with humic 
acid–calcium chelate and amino acids. The study aimed 
to evaluate short-term efficacy of these control methods 
for reducing incidence and severity of gummosis, effects 
on plant growth and fruit yields, and as potentially sus-
tainable disease management recommendations for 
semi-arid regions.

MATERIALS AND METHODS

Study area and experimental layout

This study was conducted during two consecutive 
citrus growing seasons (in 2023 and 2024), in twelve 
commercial orchards located in the Jahrom and Qir 
regions of southern Iran. The selected orchards had doc-
umented histories of high gummosis incidence (>60% 
of trees showing visible gum exudation on trunks). All 
trees were mature orchard trees, 15 to 20 years old, and 
were grafted on sour orange (Citrus aurantium) root-
stock. Tree age within each orchard was uniform (±2 
years), and no rooted cuttings were used. Although sour 
orange is historically classified as moderately tolerant 
of Phytophthora gummosis, this natural tolerance can 
be overwhelmed under sustained high disease pressure. 
The high gummosis incidence in the selected orchards 
occurred in the context of long-term flood irrigation 
and prolonged waterlogging at the plant collar regions, 
together with the absence of a previous specific disease-
management programme.

Within each of the 12 orchards, four randomized 
replicate blocks were established; each block contained 
both an IDM-treated plot and an untreated control plot, 
consistent with the random-effects structure (orchard 
and block nested within orchard) used in the mixed 
models described below. Each treatment arm comprised 
five monitored trees per replicate block (five trees × 
four blocks = 20 trees per orchard per treatment), giv-
ing totals of 240 trees per treatment (control and IDM) 
across the 12 orchards (total = 480 trees). All trees were 
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monitored for disease incidence, severity, vegetative 
growth, chlorophyll content, and yield.

Treatment description

An integrated disease management strategy was 
assessed, combining chemical, cultural, and nutritional 
interventions.

Chemical treatments. Two targeted interventions were 
assessed: a soil-applied drench of mefenoxam (metalaxyl-
M; Ridomil Gold SL®, 480 g a.i. L⁻¹; ≈1.75 g a.i. L⁻¹, as pre-
pared), delivered through the dual-line drip irrigation sys-
tem to ensure uniform distribution throughout the active 
root profile without mechanical root disturbance; or 
scheduled foliar applications of fosetyl-Al (Aliette® 80 WP; 
2.0–2.5 g a.i. L⁻¹), applied to the tree canopies until runoff 
at 45 d intervals during peak infection periods. The two 
fungicides were not tank-mixed or applied simultaneously 
to individual trees. Surgical trunk wounds were protected 
only with a copper sulfate–lime (Bordeaux) paste (100 g 
L⁻¹), applied to collar regions and surrounding soil to sup-
press Phytophthora spp. infections.

Cultural practices. Cultural measures included tree 
collar excavation to keep trunk bases dry, carried out 
during the dry season (June to August), only for the 
IDM treatment. Experimental control trees remained 
undisturbed, representing standard local practice. Irri-
gation was converted from traditional flood irrigation to 
a dual-line drip system, with emitters displaced 75 cm 
from the trunk of each treated tree to prevent water from 
pooling in the excavated collar basin. Irrigation volumes 
and frequency were obtained from orchard records for 
both systems. Well-decomposed manure (20 kg per tree) 
was applied as surface mulch within the each irrigation 
drip line (i.e. not incorporated into the soil) to stimulate 
biological activity and improve soil structure without 
injuring shallow roots.

Nutritional management. Monthly foliar applications 
of a humic acid–calcium chelate solution (100 mL per 
tree) and amino acids (100 g per 100 L of water) were 
applied to improve plant vigour, nutrient uptake, and 
stress tolerance. For 2 years following these treatments, 
nitrogenous fertilizers were not applied to the soil, but 
nitrogen was applied only through foliar feeding, to 
minimize excessive vegetative growth and reduce suscep-
tibility to gummoses.

Sanitation measures. Diseased bark tissues were 
carefully scraped away from trees with less than 30% 
collar circumference affected by gum exudation, 
using sterilized tools. To prevent the potential patho-
gen spread, all infected material was removed from 
the orchards. For trees with more than 30% of collar 

circumference infected, the trees were uprooted and 
removed from the orchard, to eliminate primary inocu-
lum sources. To suppress residual soilborne propagules 
within canopy drip lines, the empty planting sites were 
drenched with a mefenoxam (metalaxyl-M) solution to 
a depth of 20 cm, with mefenoxam and fosetyl-Al never 
tank-mixed, and reflecting that fosetyl-Al requires sys-
temic uptake through living plant tissue to be effective 
so is unsuitable for soil application to an unplanted site, 
in accordance with optimized application guidelines. 
Pruning tools were disinfected with 10% bleach. Wounds 
were immediately protected with a Bordeaux paste (cop-
per sulfate–lime) or a copper-based dressing following 
label recommendations. Bleach was not applied directly 
to living bark.

All selected trees within each orchard were of uni-
form age (± 2 years) and of similar trunk diameters, to 
minimize host plant variability.

Data collection

Disease evaluations. Disease incidence was recorded 
monthly as percentage of infected trees per replicate, 
and gum exudation severity classified using 0 to 5 scale, 
where 0 indicated no symptoms, and 5 indicated that 
>75% of the tree collar circumference was affected.

Vegetative tree growth, leaf chlorophyll contents, and 
fruit yields. Vegetative growth (annual shoot extension, 
trunk diameter increments), and leaf chlorophyll con-
tents (SPAD index), were measured on five randomly 
selected trees per replicate (i.e., five trees × four repli-
cates = 20 trees per orchard per treatment) across the 
12 orchards). This gave 240 trees per treatment. Follow-
ing removal of 47 infected IDM trees (see below), post-
treatment vegetative-growth and yield values for the 
IDM group were based on the 193 surviving trees, while 
experimental control values remain based on all 240 
control trees. These tree-level observations were used 
in the tree-level mixed-model analyses described below. 
Leaf chlorophyll content was measured using a port-
able SPAD-502 Plus chlorophyll meter (Konica Minolta 
Inc., Osaka, Japan), following the calibration framework 
of Markwell et al. (1995). Measurements were taken 
between 9:00 and 11:00 am each measurement day to 
minimize diurnal variations. For each tree, five mature, 
fully expanded, sun-exposed leaves were selected from 
current season growth, and three readings were taken 
per leaf (avoiding midribs). The arithmetic mean of all 
15 readings (five leaves × three readings) was recorded 
as the SPAD value for each tree. Fruit yield was meas-
ured by counting fruits per tree, and recording total fruit 
weight (kg tree⁻¹) at harvest.
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Soil parameters. Soil parameters were assessed 
monthly in a subset of experimental plots. These param-
eters included soil moisture content, duration of surface 
soil saturation (waterlogging) at tree collars, soil porosity 
measured using the core method, and biological activity 
assessed using assays for phosphatase and urease. Phos-
phatase activities were measured using p-nitrophenyl 
phosphate substrate (Tabatabai and Bremner, 1969). Ure-
ase activities were measured using the indophenol blue 
method (Kandeler and Gerber, 1988).

Statistical analysis of data

All analyses were carried out using R v4.3. For con-
tinuous response variables (shoot length, trunk incre-
ment, fruit weight, enzymatic activities) linear mixed-
effects models were fitted using lmer (package lme4) 
with the fixed effects treatment, year, and their interac-
tion, and with random intercepts for orchard and for 
block nested within orchard, plus a random intercept for 
tree to account for repeated measurements on the same 
tree: lmer(response ~ treatment * year + (1|orchard) + 
(1|orchard:block) + (1|orchard:block:tree)). For binomial 
response data (tree-level disease incidence) generalized 
linear mixed models were fitted with a logit link, using 
glmer and the same random structure. Denominator 
degrees of freedom and P values for LMMs were estimat-
ed using the Satterthwaite approximation implemented 
in lmerTest. Likelihood-ratio tests (χ², df), and, where 
appropriate, Wald Z statistics, are reported for GLMMs.

Pathogen identification – a methodological limitation

Isolations and identification of Phytophthora species 
from infected tissues or soil were not carried out at the 

onset of this study, due to practical limitations in field 
sample handling and laboratory capacity at the time. 
Therefore, while observed symptoms (gum exudation, 
trunk cankers, root necroses) resembled those caused by 
Phytophthora species (Cacciola and Magnano di San Lio, 
2008), the causal agent(s) could not be confirmed in the 
surveyed orchards. This omission is mitigated by prior 
peer-reviewed surveys that have confirmed the presence 
of P. nicotianae and P. citrophthora as the dominant cit-
rus gummosis pathogens in semi-arid Middle Eastern 
and Mediterranean citrus-growing regions comparable 
to Jahrom and Qir (Hamdan et al., 1995; Cacciola and 
Magnano di San Lio, 2008). This indicates the regional 
likelihood of Phytophthora etiology. Consequently, the 
present study results describe the management of “citrus 
gummosis syndrome” rather than disease caused by con-
firmed Phytophthora species. The authors acknowledge 
that this as a significant limitation in the present study 
(see Discussion).

RESULTS

Disease incidence and severity

During two consecutive growing seasons (in 2023 
and 2024), the integrated management strategy reduced 
incidence and severity of citrus gummosis across all 
the 12 orchards studied (Table 1; Figure 1). At baseline 
(month 0, prior to any interventions), disease incidence 
among the 15 to 20-year-old assessed trees did not dif-
fer between the two groups (controls: mean = 65 ± 5%; 
IDM =65 ± 4%; n = 240 trees per treatment), confirm-
ing that both groups began in the experiments from 
equivalent disease levels. Within the IDM group, 47 of 
the 240 enrolled trees (19.6%) subsequently exceeded the 

Table 1. Mean disease gummosis incidence proportions (%) and severity scores for citrus trees in orchards either maintained without treat-
ment (Control), or where integrated disease management was applied, during 2023 and 2024.

Season Parameter Control Integrated 
Management Reduction (%) P-value

2023 (6 months) Disease incidence (%) 65 ± 5 20 ± 3 69.2 < 0.01
2024 (12 months) Disease incidence (%) 66 ± 4 18 ± 2 72.7 < 0.01
2023 (6 months) Severity (0 to 5 scale) 3.8 ± 0.2 1.1 ± 0.1 71.1 < 0.01
2024 (12 months) Severity (0 to 5 scale) 3.9 ± 0.3 1.2 ± 0.1 69.2 < 0.01

Data are presented as orchard-level means ± SE (n = 12 orchards). For tree-level analyses, 240 trees per treatment (control and IDM) were 
enrolled at baseline across the 12 orchards, consistent with the number reported in Table 2; this n is reported consistently in all tables and 
text.
A total of 47 of the 240 IDM trees (19.6%) exceeded the >30% collar infection threshold, and were uprooted and removed during this 
study; the 2024 (12-month) IDM values in this table are therefore based on the 193 surviving IDM trees, while control values remain based 
on all 240 control trees (no removals occurred in the untreated control).
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predefined 30% collar-circumference infection thresh-
old (see below), and were uprooted and removed. The 
remaining 193 IDM trees (80.4%) each had <30% col-
lar involvement, underwent bark sanitation treatments, 
and were retained for all following assessments. Because 
the removed trees were, by definition, the most severely 
diseased, their exclusion is conservative with respect to 
the reported treatment effects, and likely underestimates 
true disease pressure that would have persisted in the 
IDM group without removal. No removals were carried 
out in the untreated control groups (n = 240 through-
out). Consistent with this design, disease incidence 
declined significantly from the 65% baseline to 20 ± 3% 
at 6 months and 18 ± 2% at 12 months in the surviv-
ing IDM trees, compared with a stable 65 to 66% in the 
control (GLMM treatment effect: χ²(1) = 48.3, P < 0.001; 
Table 1). Severity of gum exudation, rated on the 0 to 5 
scale, declined significantly from a baseline mean of 3.8 
± 0.2 (moderate-to-severe symptoms) to 1.1 ± 0.1 (mild 
symptoms) at 6 months (LMM treatment effect: F1,22 = 
41.2, P < 0.001), reflecting substantial improvements in 
tree health. Consistent with prior research, the overall 
reduction in disease pressure observed here is best inter-

preted as a combined effect of the full IDM package (sys-
temic fungicides, collar excavation, improved drainage 
via drip irrigation, manure mulching, and wound sanita-
tion) rather than from fungicide applications alone.

Vegetative growth

Statistically significant improvements in vegetative 
growth parameters were recorded in the IDM-treated 
trees compared with untreated controls (Table 2). Mean 
shoot lengths increased by 40% (from 55 cm to 77 cm), 
and mean trunk diameters increased by 38% (from 8 
mm yr⁻¹ to 11 mm yr⁻¹). Leaf chlorophyll content, meas-
ured via SPAD readings, increased by 25%, indicat-
ing greater relative leaf greenness and consistent with 
improved tree physiological status.

Fruit yields, and soil physical properties and aeration 
dynamics

Integrated management increased fruit yields, and 
enhanced soil enzyme activity (Table 3). Mean fruit 
yields were 15 ± 2 kg tree⁻¹ from the control trees, and 
25 ± 3 kg tree⁻¹ from the IDM treatments, a mean dif-
ference of 10.0 kg tree⁻¹ (95% CI: 6.2–13.8 kg; P < 
0.001) estimated from the mixed model contrasts (95% 
CI, calculated via emmeans). Soil phosphatase activ-
ity increased by 45%, and urease activity by 32% for the 
IDM treatments, indicating enhanced biological activity 
and nutrient cycling capacity in the tree rhizospheres 
from these treatments.

The IDM approach also improved soil physical con-
ditions around the tree collar zones (Table 4). Rather 
than reducing overall soil water contents, which addi-
tion of organic manure and conversion to drip irriga-
tion would be expected to increase, the IDM interven-
tions reduced the duration of surface soil saturation 
(waterlogging) at the tree collars by 35%, consistent 
with reduced water pooling under the drip-irrigation 

Figure 1. Graphical representation of the decline in disease inci-
dence and severity in 12 citrus orchards following the integrated 
disease management (IDM) treatment used in this study.

Table 2. Mean vegetative growth parameters of citrus trees receiving integrated disease management (IDM) or remaining untreated.

Parameter Control IDM treated Change (%) P-value

Shoot length (cm) 55 ± 3 77 ± 4 +40 < 0.01
Trunk diameter increment (mm yr⁻¹) 8.0 ± 0.6 11.0 ± 0.8 +38 < 0.01
Leaf chlorophyll (SPAD) 42 ± 2 52 ± 2 +25 < 0.05

Values are means ± SE. Baseline enrollment was 20 trees per orchard × 12 orchards = 240 trees per treatment. Control values are based on 
all 240 control trees (no removals). Treated (IDM) post-treatment values are based on the 193 IDM trees surviving after removal of the 47 
trees that exceeded the 30% collar-infection threshold. The reduction in n is accounted for in tree-level mixed models, which accommo-
dated unbalanced group sizes.
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system. This reduced saturation window reduces the 
favourable environment for Phytophthora spp. survival 
and infection. Meanwhile, soil porosity in the 0–30 cm 
layer increased by 19% following the integrated man-
agement intervention, consistent with improved soil aer-
ation and drainage.

Efficacy of sanitation practices

Of the 193 IDM trees with <30% collar circumfer-
ence affected by gummoses that underwent careful bark 
removal, all recovered fully within 4 weeks, with no fur-
ther spread of symptoms. In contrast, the 47 trees exhib-
iting >30% collar involvement were removed according 
to the predefined management protocol; these observa-
tions do not independently validate the 30% threshold. 
Application of protective copper sulfate–lime paste to 
treated wounds prevented re-infection in 185 of the 193 
sanitized trees (95.9%; 95% CI: 92.3–98.0%) during the 
18 month monitoring period.

DISCUSSION

This study has demonstrated the effectiveness of inte-
grated disease management (IDM) for mitigating citrus 
gummosis, likely associated with Phytophthora species 
under semi-arid conditions in southern Iran. The com-
bined use of systemic fungicides, cultural practices, soil 
amendments, and host nutritional strategies was associ-
ated with reduced disease pressure, improved tree health, 
and enhanced fruit yields. As discussed below, however, 
because the IDM package was evaluated only against an 
untreated control, and pathogen identifications were not 
carried out, these results should be interpreted as prelim-

inary evidence for the management package, rather than 
as proof of mechanism or independent contribution of 
any single component (see Limitations).

The reductions in disease incidence and severity 
observed in this study corroborate previous results for 
the curative and protective effects of systemic fungicides, 
such as metalaxyl and fosetyl-Al, against Phytophthora 
infections in citrus. In the semi-arid calcareous soils 
of southern Iran, fosetyl-Al was applied at 45 d inter-
vals according to label guidance. The present study did 
not measure fungicide persistence or residual activities. 
Nonetheless, the risk of pathogen resistance to fungi-
cides, particularly to metalaxyl/mefenoxam, remains a 
concern and warrants ongoing monitoring in long-term 
disease management programmes (Davidse et al., 1983).

Reduced waterlogging duration at the tree collars 
probably suppressed Phytophthora proliferation, because 
zoospore movement depends on free water (Chaudhary 
et al., 2016). These results support previous studies that 
have demonstrated that physical interventions, such 
as collar excavation and improved drainage, can help 
reduce soilborne diseases (Shrivastava and Kumar, 2015; 
Bhatt and Sharma, 2020; Brasier et al., 2022; Fadli et al., 
2022; Sapkota et al., 2023).

Soil amendments, including surface mulching with 
decomposed animal manure, improved soil physical 
properties such as porosity (+19%; Table 4) and were 
associated with increased enzyme activity, indicating 
enhanced biological activity and nutrient cycling capaci-
ty (Klein et al., 2012). These improvements are consistent 
with mechanisms that may enhance soil suppressiveness 
(e.g., increased porosity, enzyme activities), but direct 
evidence – for example, quantification of Phytophthora 
soil inoculum or microbiome analyses – was not collect-
ed in this study; soil suppressiveness therefore remains 

Table 3. Mean citrus fruit yields and soil biological activities for control and integrated disease management trees.

Parameter Control Integrated 
Management Improvement (%) P-value

Mean fruit yield (kg tree⁻¹) 15 ± 2 25 ± 3 +66.7 < 0.001
Mean phosphatase activity (µmol P g⁻¹ h⁻¹) 100 ± 8 145 ± 10 +45 < 0.05
Mean urease activity (µmol NH₄⁺ g⁻¹ h⁻¹) 120 ± 9 158 ± 11 +32 < 0.05

Table 4. Mean soil physical conditions near citrus plant collar zones for untreated (Control) plants, and those treated with integrated dis-
ease management (IDM).

Parameter Control IDM treated Change (%) P-value

Surface saturation / waterlogging duration at tree collars (% of monitoring days) 28 ± 3 18 ± 2 –35 < 0.01
Soil porosity (0–30 cm) 42 ± 2 50 ± 3 +19 < 0.05
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inferred rather than demonstrated, and should be con-
firmed by targeted pathogen-population monitoring con-
ducted monthly for at least 24 months to cover two full 
citrus growing seasons and capture seasonal variation in 
disease pressure.

Foliar nutrition — monthly applications of humic 
acid–calcium chelate and amino acids (Section 2.2) — 
enhanced vegetative growth and chlorophyll content, 
underscoring the role of foliar biostimulants in improv-
ing plant metabolism, nutrient assimilation, and stress 
tolerance (da Silva et al., 2021; de Moura et al., 2023). 
Because these products were applied to the canopy rath-
er than the soil in this study, we interpret their contri-
bution as acting through plant physiology rather than 
through direct modulation of the soil microbiota; these 
physiological enhancements likely contributed indirectly 
to disease suppression by boosting overall tree vigor and 
increasing the capacity to withstand pathogen attack.

Sanitation of bark lesions and protective wound 
treatment proved highly effective in preventing reinfec-
tion, supporting the 30% collar-circumference thresh-
old used to distinguish sanitation from removal in this 
study. This finding aligns with integrated management 
principles emphasizing timely wound treatment to dis-
rupt pathogen entry and limit inoculum spread (Hajji-
Hedfi et al., 2024). Trees exceeding this threshold exhib-
ited poor recovery, supporting its use as a removal cri-
terion, in line with recommendations for managing Phy-
tophthora trunk infection (Fadli et al., 2022).

The integrated approach markedly enhanced fruit 
yield relative to what would be expected from single-
method interventions reported elsewhere. The concur-
rent application of chemical, cultural, and nutritional 
practices underscores the potential value of integrated 
strategies in plant disease management, particularly 
in regions challenged by water scarcity and persistent 
pathogens.

This study highlights that, in semi-arid environ-
ments, reducing waterlogging at the collar and improv-
ing root-zone aeration are critical components of effec-
tive citrus gummosis management. Integrating multi-
ple management tactics reduces pathogen pressure and 
enhances tree resilience while promoting sustainable 
production practices.

While the results are promising, further long-term 
studies are essential to evaluate the sustainability of 
IDM strategies, particularly concerning potential fungi-
cide resistance, optimization of organic amendment pro-
tocols, and economic feasibility for commercial growers. 
Cost–benefit analyses and region-specific adaptations 
will be crucial for the widespread adoption of these inte-
grated practices.

Limitations

Two methodological limitations of this study should 
be highlighted. First, the IDM package was compared 
only to an untreated control. The observed effects there-
fore represent the combined outcome of multiple simul-
taneous interventions – (i) the shift from flood to drip 
irrigation, (ii) the change from soil to foliar fertilization, 
(iii) manure mulching, (iv) trunk surgery and sanitation, 
and (v) fungicide applications – and our design does not 
allow us to quantify the independent contribution of each 
component to disease suppression or yield improvement. 
We did not quantify pathogen population density in soil 
before or after the intervention, so mechanisms such as 
“soil suppressiveness” remain inferred rather than dem-
onstrated. Future studies should use factorial or other 
appropriately structured multi-treatment designs that 
separately manipulate the major cultural, chemical, nutri-
tional, and sanitation components, allowing their indi-
vidual and interaction effects to be estimated.

Second, we did not perform molecular or cultural 
confirmation of Phytophthora species at the onset of the 
study (Section 2.5). While the symptoms were typical 
of P. nicotianae or P. citrophthora – the dominant spe-
cies reported in semi-arid citrus orchards of the wider 
region (Hamdan et al., 1995; Cacciola and Magnano di 
San Lio, 2008) – we cannot rule out the involvement of 
other Phytophthora species or other oomycete pathogens. 
This uncertainty means our IDM package may have been 
effective against a pathogen complex, not necessarily P. 
nicotianae alone. Future studies must include species-lev-
el identification (via PCR or sequencing) before and after 
intervention to establish a causal link between manage-
ment practices and specific pathogen suppression.

In conclusion, over the two seasons of this trial the 
integrated management strategy reduced disease inci-
dence and improved tree health and productivity under 
the specific environmental conditions of the studied 
orchards. Extrapolation to broader claims of robust-
ness and sustainability across other semi-arid regions 
requires replicated multi-year trials, pathogen popula-
tion monitoring, and formal cost–benefit analyses (eco-
nomic analysis horizon ≥ 5 years). The IDM model pre-
sented here provides a practical starting framework for 
managing citrus gummosis under the semi-arid orchard 
conditions evaluated, pending this further validation.
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Summary. In the summer of 2024, table grape plants (Vitis vinifera, “Sweet Celebra-
tion”) in Cieza (Murcia province, southeastern Spain) exhibited wood cankers and 
dieback symptoms consistent with Aspergillus vine canker (AVC). This study aimed 
to determine the aetiology of the disease and characterize the associated pathogens. 
Multi-locus phylogenetic analyses using cal and tub loci, combined with morphologi-
cal characterization, identified Aspergillus niger and A. tubingensis from symptomatic 
plants. Mycelium growth patterns in response to temperature were similar for both 
species, with optimal growth between 30 and 33 °C, and no growth above 40 °C. Tem-
perature also strongly influenced conidium germination. No germination occurred at 
10 °C, and rapid and full germination occurred between 30 and 40 °C. Pathogenic-
ity tests on table grape ‘Alphonse Lavallée’ showed that both species were pathogenic 
to grapevine wood, with A. niger exhibiting greater virulence. Inoculations on green 
leaves showed that both species colonized foliar tissues. These results confirm the asso-
ciation of A. niger and A. tubingensis with table grape cankers in southeastern Spain, 
and also highlight the ability of these fungi to develop at high temperatures, and pose 
potential threats to grape and wine production under warm Mediterranean conditions.

Keywords.	 Aspergillus niger, A. tubingensis, Grapevine trunk diseases, pathogenicity, 
Vitis vinifera.

INTRODUCTION

Grapevine (Vitis vinifera L.) is a crop of major socioeconomic impor-
tance in Spain, reinforcing this country’s position as a world leader in grape 
production, with about 919,000 ha cultivated (OIV, 2026). However, the sus-
tainability of Spanish viticulture is increasingly threatened by Grapevine 
Trunk Diseases (GTDs) caused by fungi, which pose challenges to vineyard 
health, longevity, and productivity (Gramaje Pérez et al., 2020).

In many international table grape and wine producing regions, GTDs are 
among the main causes of vine decline and mortality, often leading to vine 
removal 10 to 15 years earlier than the expected 30 to 35 years lifespans. This 
premature replacement increases production costs and disrupts long-term 
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vineyard sustainability (Gramaje and Armengol, 2011; 
Mondello et al., 2018; Fontaine et al., 2025). Vineyards 
of all ages are susceptible to GTDs pathogens infections, 
which can originate as early as the nursery stage or occur 
later in established vineyards (Mondello et al., 2018).

Aspergillus vine canker (AVC), caused by Aspergillus 
spp., is a GTD affecting wine and table grapes (Fontaine 
et al., 2025). This disease has been reported in warm 
grape-growing regions, as Aspergillus spp. are favoured 
by hot and dry environmental conditions (Marquès 
et al., 2025). DNA-based methods have enabled inclu-
sion of AVC within the GTD group, allowing reliable 
identification and classification of Aspergillus spp., and 
thus resolving previously ambiguous reports (Hong et 
al., 2005; Houbraken et al., 2020; Fontaine et al., 2025). 
Recent studies have shown that AVC is a distinct com-
ponent within the GTD complex, rather than being a 
minor disease (Vitale et al., 2012; Bustamante et al., 
2024, Rangel-Montoya and Hernández-Martínez, 2024; 
Fontaine et al., 2025).

AVC was first described in 1989 in the San Joaquin 
Valley (California, United States of America), and was 
later associated with reduced vine performance and can-
opy longevity in commercial vineyards. Follow-up stud-
ies reported that 2 to 6.1% of vines required retraining 
in following season, highlighting the re-establishment 
costs (Bustamante et al., 2024). In Italy, surveys con-
ducted in southeastern Sicily (in Catania and Ragusa, 
between 2007 and 2009) recorded up to 18% of inci-
dence AVC, with 2 to 4 cankers per vine persisting annu-
ally through 2010 (Vitale et al., 2012). In Mexico, the 
first national report of AVC documented up to 5% inci-
dence, and the cultivar ‘Cotton Candy’ was the most 
susceptible, while ‘Prime Seedless’ was the least affected 
(Rangel-Montoya and Hernández-Martínez, 2024).

Infections caused by Aspergillus spp. on grapevines 
begin when conidia land on exposed or wounded tissues, 
particularly on fresh pruning cuts. Conidia germinate, 
and hyphae penetrate host plant woody tissues, typi-
cally between the cordons and the trunk of vines. Elon-
gated, sunken cankers develop at or just below pruning 
or training wounds (Bustamante et al., 2024). Cross-
sections of infected vines reveal brown to dark brown 
necroses spreading inward into nearby tissues, with the 
advancing lesions often appearing soft or spongy (Vitale 
et al., 2012; Rangel-Montoya and Hernández-Martínez, 
2024). Severe lesions may girdle vascular tissues, restrict-
ing nutrient transport and leading to premature canopy 
decline, reduced vine vigour, and delayed budbreak 
(Bustamante et al., 2024). At the advancing margins 
beneath vine bark, the pathogenic fungi can produce 
dry black conidia, the main primary inoculum, which 

are dispersed in vineyards throughout growing seasons 
(Bustamante et al., 2024).

Management of AVC is due to pathogen latent infec-
tions that delay symptom detection, and the lack of 
effective treatments once the disease is established. Pre-
vention of the disease using chemical, cultural, and bio-
logical measures is important (Bustamante et al., 2024). 
Pruning should avoid warm, dry conditions, and instead 
be performed during cool, humid periods, ensuring the 
removal of diseased tissues by making pruning cuts 10 
to15 cm below visible symptoms. Recommended sanita-
tion protocols include disinfecting pruning tools before, 
during, and after use, and protecting exposed grapevine 
tissues (Vitale et al., 2012). A key part of managing the 
GTD complex is protecting fresh pruning wounds with 
fungicides or biological control agents (e.g. Trichoderma 
spp.) immediately after pruning (Mondello et al., 2018; 
Fontaine et al., 2025). Trunk renewal from healthy wood 
can restore grape production, if applied early and fol-
lowed by wound protection (Mondello et al., 2018).

In the summer of 2024, grapevine plants (cv. Sweet 
Celebration) in a table grape vineyard located in Cieza 
(Murcia province, southeastern Spain) exhibited cankers 
and dieback symptoms consistent with those described 
for AVC. The objectives of the present study were to 
determine the aetiology of the disease, and to character-
ize the associated pathogens.

MATERIALS AND METHODS

Sampling and fungal isolations

Four symptomatic grapevines were sampled, were 
cut into sections and then transported to the laboratory 
for fungal isolations. Wood sections (3 cm long) showing 
cankers were washed under running tap water, surface-
sterilized using 70% ethanol, and flamed. Small internal 
wood chips (3–4 mm long) were then placed in Petri 
plates containing malt extract agar (MEA) supplemented 
with 0.5 g L−1 of streptomycin sulfate (Sigma-Aldrich) 
(MEAS). The plates were then incubated at 25 ºC in the 
dark for 5 to 10 d. All emerging colonies were subcul-
tured onto potato dextrose agar (PDA), and the subcul-
ture plates were incubated in the same conditions.

Four representative isolates (GIHF-506, GIHF-507, 
GIHF-508 and GIHF-509) were selected for molecular 
analysis, phenotypic characterization and pathogenic-
ity tests. Single conidium isolates of each of the isolates 
were obtained using the serial dilution method (Dhin-
gra and Sinclair, 2019). For long-term storage, mycelial 
plugs were stored at -80 ºC in 1.5 mL cryovials contain-
ing 15% glycerol solution, at the fungal collection of the 
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Instituto Agroforestal Mediterráneo of the Universitat 
Politècnica de València, Spain.

Molecular identifications

Mycelium was scraped from 8-d-old PDA cultures of 
isolates GIHF-506, GIHF-507, GIHF-508 and GIHF-509. 
Total fungal DNA of each isolate was extracted using the 
E.Z.N.A. Plant DNA Kit (Omega Bio-tek), following the 
manufacturer’s short protocol instructions.

Partial fragments of beta-tubulin (tub) and calmo-
dulin (cal) genes were amplified and sequenced. Amplifi-
cations were carried out in total volumes of 20 µL using 
Speedy Supreme NZYTaq 2× Green Master Mix (NZY-
tech), according to the manufacturer’s instructions, on a 
Peltier Thermal Cycler-200 (MJ Research). Each reaction 
included 10 µL of Speedy Supreme NZYTaq 2× Green 
Master Mix, 0.6 µL of each primer (10 µM), 1 µL of puri-
fied template DNA, and 7.8 µL of nuclease-free water. The 

thermal cycle consisted of an initial step of 5 min at 94 
ºC, followed by 35 cycles each of denaturation at 94 ºC 
for 2 s, annealing for 5 s, and elongation at 72 ◦C for 5 s. 
A final extension was performed at 72 ºC for 2 min. The 
primer pairs and the annealing temperatures (Ta) for each 
locus were as follows: BT2a and BT2b for tub (Ta = 55 
ºC) (Glass and Donaldson, 1995), and CMD5 and CMD6 
for cal (Ta = 58 ºC) (Samson et al., 2014). PCR products 
were visualized by 1.2% agarose gel electrophoresis, puri-
fied by illustra™ ExoProStar™ S (cytiva, GE Healthcare), 
and sequenced by the IBMCP-UPV sequencing service 
(Valencia, Spain). Chromatograms were checked using 
Sequencher software 5.0 (Gene Codes Corp.).

Sequences generated were compared with sequenc-
es in the GenBank nucleotide database, to determine 
the closest relatives for phylogenetic studies. For each 
genomic region (tub and cal), the DNA sequences 
obtained in the present study were aligned with refer-
ence sequences retrieved from GenBank (Table 1), using 
the ClustalW algorithm included in the MEGA7 soft-

Table 1. List of Aspergillus section Nigri isolates and their sequence numbers included in the phylogenetic analyses. Isolates in bold were 
obtained in this study from table grape samples.

Species
Isolate Host Country

GenBank

tub cal

A. niger NRRL 326 T Tannin-gallic acid fermentation USA EF661089 EF661154
CBS 101883 Coffea robusta Sumatra AY819998 EU163270
IHEM 21604 Outdoor air Cuba MH614478 MH644996
CBS 139.54 Welwitschia mirabilis Namibia FJ629291 KC480196
IHEM 3090 Soil Mauritius MH614487 MH644884
IHEM 18080 Soil of riverside France MH614513 MH644969
ITAL 47.456 Surface of grape berries Brazil MN583579 MN583580
GIHF-508 Vitis vinifera Spain PZ885810 PZ885814

A. brasiliensis CBS 101740 T Soil Brazil FJ629272 FN594543
ITEM 6139 Grapes Portugal AM295185 AM295176

A. carbonarius NRRL 369 T Paper USA EF661099 EF661167
NRRL 346 Unknown Honduras EF661098 EF661166

A. eucalypticola DTO 53-A2 T Soil India EU482435 EU482433
NRRL 62632 Eucalyptus leaves Australia KC796360 KC796376

A. luchuensis KACC 46772 T Awamori-koji Japan JX500062 JX500071
IHEM 25486 Human trimming liquid France MH614563 MH644862

A. tubingensis NRRL 4875 T Unknown Unknown EF661086 EF661151
CBS 134.48 Unknown Unknown AY820007 AJ964876
NRRL 62634 Mangrove water Venezuela KC796361 KC796377
IHEM 22394 Conjunctivitis-human eye India MH614544 MH644870
GIHF-506 Vitis vinifera Spain PZ885808 PZ885812
GIHF-507 Vitis vinifera Spain PZ885809 PZ885811
GIHF-509 Vitis vinifera Spain PZ885807 PZ885813

A. vadensis CBS 113365 T Dead plant tissue Unknown AY585531 FN594560
IHEM 26351 Human sputum France MH614547 MH644878

TIndicates the ex-type isolates.
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ware package (Kumar et al. 2016). The alignments were 
analyzed and adjusted manually when necessary. Ambig-
uous sequences at either end of alignments were exclud-
ed prior to analyses. Concatenated datasets were built in 
Sequence Matrix v.1.8 (Vaidya et al., 2011).

Phylogenetic analyses were carried out using maxi-
mum parsimony (MP) and maximum likelihood (ML) 
approaches. Maximum parsimony analyses were car-
ried out in MEGA X (Kumar et al., 2018), employing the 
tree Bisection and reconnection (TBR) algorithm, where 
gaps were treated as missing data. Topology robustness 
was evaluated by 1,000 bootstrap replications (Felsen-
stein, 1985). Measures for maximum parsimony, as tree 
length (TL), consistency index (CI), and retention index 
(RI), were also calculated. Maximum likelihood analy-
ses were carried out using IQ-TREE v.3.1.2 (Wong et al., 
2026). The concatenated dataset was partitioned into the 
tub and cal genomic regions, and the best-fit evolutionary 
models were selected using ModelFinder (Kalyaanamoor-
thy et al., 2017), based on the Bayesian information cri-
terion (BIC). HKY+I was selected for tub, and HKY+G4 
for cal. Branch support was assessed using 1,000 ultrafast 
bootstrap (UFBoot) replicates, and 1,000 SH-like approx-
imate likelihood ratio test (SH-aLRT) replicates.

Morphological characterizations

Isolates GIHF-506 and GIHF-508 were used for 
morphological characterizations. Petri plates contain-
ing PDA or Czapek agar (CZA; 30.0 g L-1 sucrose, 2.0 
g L-1 NaNO₃, 0.5 g L-1 KCl, 0.5 g L-1 Mg-glycerophos-
phate, 0.35 g L-1 K₂SO₄, 0.01 g L-1 FeSO₄, 12.0 g L-1 agar) 
were inoculated with 5 mm mycelium plugs taken from 
actively growing margins of a 7-d-old cultures. After 7 
d of incubation at 25 ºC in darkness, colony morpholo-
gies were recorded, including; obverse and reverse col-
ours, texture (e.g., velvety vs. granular/fluffy), and mar-
gin appearance (smooth to slightly lobed). Microscopic 
features were assessed from 4- to 7-d old cultures. Myce-
lium and black conidia were mounted in Shear’s fluid 
(50 mL of 2% potassium acetate, 20 mL glycerol, 30 
mL of 95% ethanol), and examined at 10 ×, 20 ×and 40 
× magnifications, using a Nikon Eclipse Ni microscope 
equipped with NIS-Elements-D imaging software. Vesi-
cle and conidium diameters were measured for 50 repli-
cates per structure and per isolate.

Mycelium growth at different temperatures

Isolates GIHF-506, GIHF-507, GIHF-508 and GIHF-
509 were grown on PDA in 90 mm diam. Petri plates 

(~20 mL per plate). For each assay plate, a 5 mm diam 
mycelium plug was taken from the active margin of a 
7-d-old culture, and placed (mycelium side down) in the 
centre of a fresh PDA plate. Growth was evaluated at 10, 
15, 20, 25, 30, 35, 40, or 45 °C. For each isolate-temper-
ature combination, four replicates were prepared. The 
experiment was repeated (two independent runs), result-
ing in a total of eight replicates per isolate–temperature 
combination. Inoculated plates were sealed with para-
film, randomized inside incubators, and kept for 7 to 21 
d (depending on the temperature) in the dark. When the 
diameter (D, mm) of a colony on the medium reached 
60-70% of the Petri dish diameter, it was measured along 
two perpendicular axes and averaged once uniform 
growth was established. The time elapsed from inocu-
lation to measurement (t, d) was recorded. The average 
radial growth rate was calculated as:

Growth rate (mm d-1) = [(D – 5 mm) / 2] / t;

where (D – 5 mm) / 2 was the radial increase from each 
inoculum plug edge to the colony edge. If no growth 
was observed by the endpoint, the rate was recorded as 
0 mm d-1.

The data obtained were rescaled to 0 to 1, by divid-
ing each datum by the maximum datum obtained in 
each experiment. Rescaled data were regressed against 
temperature, and nonlinear regression equations were 
compared based on data representation. A beta equation 
was fitted to the data in the following form (Analytis, 
1977):

y = [a × Teqb × (1 – Teq)]c;

where: y = rescaled daily growth (0 to 1); Teq = tem-
perature equivalent calculated as Teq = (T − T min) / (T 
max− T min): where T = temperature (°C); T min and T 
max = minimum and maximum temperatures for myce-
lium growth; and a to c = the equations parameters. T 
min for mycelium growth was 9 ºC and T max was 44 
°C, (Gougouli and Koutsoumanis, 2010). All data analy-
ses were performed using R version 4.6.1 via RStudio 
version 2026.07.1 (Posit Team, 2026).

Equation parameters were estimated using the func-
tion nls included in the package “stats” (Wickman, 2019). 
Goodness-of-fit of the equations was evaluated based on 
the adjusted R2, the concordance correlation coefficient 
(CCC), and the root mean square error (RMSE) (Lin, 
1989). Linear regressions were carried out between the 
observed and the predicted data, to estimate the adjusted 
R2, using the lm function of the R “stats” package. The 
CCCs were obtained using the epi.ccc function of the R 
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“epiR” package (Carstensen et al., 2022). The RMSEs, 
were obtained using the rmse function of the R “modelr” 
package (Wickham, 2019). According to Analytis (1977), 
the optimum temperatures (T opt) for daily mycelium 
growth were calculated as follows:

T opt = [(b × c) / (b × c + c)] × (T max – T min) + T 
min;

where b and c are equation parameters, and T max and 
T min are as described above.

Conidium germination at different temperatures and time 
periods

Isolates GIHF-506 and GIHF-508 were used for 
this study. Conidium suspensions were obtained from 
7-d-old PDA cultures by gently flooding respective colo-
nies with sterile water containing a non-ionic surfactant 
(~ 0.01% Tween), loosening the conidia with a ster-
ile loop, and filtering the resulting conidium suspen-
sions through sterile gauze to remove hyphal fragments. 
Conidium concentrations were adjusted to 105 conidia 
mL⁻¹ using hemocytometer counts. For each isolate-tem-
perature-time combination, two 20 µL drops of conidi-
um suspension were deposited onto the surface of a fresh 
90 mm diam PDA plate, and the plates were incubated in 
the dark at the respective specified temperatures. Conid-
ium germination was assessed at 6, 12, 18, 24, 36, and 48 
h after plating. The experiment was repeated (two inde-
pendent runs, with four replicates per run). At the end 
of each incubation period, conidium germination was 
determined by examining 100 conidia per drop using a 
microscope (× 40 magnification). A conidium was con-
sidered germinated when the length of the germtube 
exceeded the length of the conidium. Mean germina-
tion percentages were then calculated for each treatment, 
and statistical analyses were not carried out because this 
experiment was intended to be descriptive.

Pathogenicity test on table grape plants

For pathogenicity tests, rooted cuttings of table 
grape ‘Alphonse Lavallée’ were transplanted into 3 to 5 
L capacity pots that were maintained in a greenhouse 
until inoculation, allowing a single shoot to develop on 
each cutting. Isolates GIHF-506 and GIHF-508 were 
tested using four plants per isolate, with an equal num-
ber of non-inoculated plants as inoculation controls. 
Inoculum consisted of 6 mm mycelium plugs taken from 
the advancing margins of 3 to 7-d-old PDA cultures. On 

each plant, a 6 mm diam. circular wound was made to 
the cambium at an internode of the main shoot, using a 
sterile cork borer. A mycelium plug was inserted (myce-
lium facing the cambium), was then covered with moist 
cotton, and then sealed with Parafilm to prevent desic-
cation. Plants were then arranged randomly in a green-
house under semi controlled conditions (~35 °C day / 25 
°C night), were irrigated as needed, and then inspected 
weekly for external symptoms. The experiment was per-
formed twice (n = 8 plants per isolate in total).

The necrotic lesion length (mm) developed on each 
shoot was measured 50 d after inoculation, and mean 
lesion lengths were calculated. Small wood chips from 
lesion margins were surface-disinfected, and then plated 
on MEAS to assess completion of Koch’s postulates. All 
emerging colonies were transferred to PDA plates and 
incubated at 25 ºC in darkness until sporulation. The 
effect of the inoculated isolate, the experiment and the 
interaction on lesion length was analyzed using a general-
ized linear model (GLM) with a Gamma distribution and 
a log link function. The dispersion and residuals of the 
models were tested by using the function simulateResidu-
als of the “DHARMa” package. Once significance of fac-
tors was assessed pairwise comparisons of adjusted means 
were performed using the “emmeans” package (Lenth and 
Piaskowski, 2026) with Bonferroni correction adjustment 
and grouping letters were generated using the cld function 
with “multcomp” package (Hothorn et al., 2008).

Pathogenicity on leaves

The pathogenicity of isolates GIHF-506 and GIHF-
508 was evaluated on detached leaves of table grape cv. 
‘Alphonse Lavallée’ following the methods described 
by Rangel-Montoya and Hernández-Martínez (2024). 
Mature, healthy leaves without visible symptoms, 
wounds, or insect injury were collected, then gently 
rinsed with sterile water, and air-dried. For each isolate, 
eight leaves were inoculated, while an additional eight 
leaves served as non-inoculated controls.

Conidium suspensions were prepared from 3-d-old 
PDA cultures, and were adjusted to 10⁵ conidia mL⁻¹ in 
sterile water using a hemocytometer. For inoculation, 
each leaf was positioned abaxial side up. The petiole-
lamina junction was punctured once with a sterile ento-
mological needle, and a 10 µL droplet of conidium sus-
pension was applied to the wound, to facilitate capillary 
entry and ensure uniform inoculation. Non-inoculated 
control leaves received 10 µL droplets of sterile water fol-
lowing the same procedure.

Inoculated and non-inoculated control leaves (four 
per isolate) were placed in humid chambers (sealed plas-
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tic boxes containing moistened sterile filter paper) to 
maintain high relative humidity (>95%). These were kept 
for 10 d in an incubator at 25 °C with a 12 h light, 12 
h darkness daily cycle. The filter paper was re-moistened 
periodically to maintain humidity, ensuring no direct 
water contact with the leaf surfaces. The experiment was 
performed twice.

Disease severity was visually assessed at the end of 
the incubation period, using a 0–5 scale (Montoya and 
Hernández-Martínez, 2024), where: 0 = no symptoms; 1 
= slight wilting; 2 = red necrotic lesions; 3 = mycelium 
growth; 4 = conidium presence; 5 = mycelial growth and 
conidium presence. Severity data was transformed using 
the McKinney Index (MKI), a widely applied disease 
severity index for ordinal data (McKinney, 1923; Bock 
et al., 2024). The effect of the inoculated isolate and 
the experiment on disease severity were analyzed using 
Kruskal–Wallis rank-sum test by kruskal_test func-
tion of the “rstatix” package (Kassambara, 2026). Once 
significance of effects was assessed, pairwise compari-
sons were performed using Dunn’s test with Bonferroni 
adjustment. 

RESULTS

Sampling and fungus isolations

Symptoms observed in the table grape orchard are 
shown in Figure 1 A. Affected plants exhibited wilting 
and decay, along with cankers on the main trunks, and 
internal wood necroses (Figure 1, B and C). Isolations 
from symptomatic tissues consistently recovered Asper-
gillus colonies, characterized by rapid radial growth and 
profuse dark sporulation (Figure 1 D). From these pri-
mary cultures, the four representative isolates (GIHF-
506, GIHF-507, GIHF-508, GIHF-509) were selected.

Molecular identifications

PCR amplification of the β-tubulin (tub) and calm-
odulin (cal) gene regions yielded single, well-defined 
amplicons of, respectively, approx. 550 bp and 600 bp, 
for all four fungal isolates. Purified PCR products were 
sequenced, and chromatograms were manually inspect-
ed. BLASTn analyses of the obtained sequences against 
the NCBI GenBank database showed ≥99% similarities 
with A. tubingensis and A. niger.

Multi-locus phylogenetic analyses of concatenated 
tub and cal alignments were conducted using the Maxi-
mum Parsimony (MP) method in MEGA X and the 
Maximum Likelihood (ML) method in IQ-TREE v.3.1.2 

(Figure 2). The analyses included 25 taxa: 19 reference 
taxa representing the six species within section Nigri 
of Aspergillus, the four isolates analyzed in this study, 
and two A. carbonarius isolates used as the outgroup. 
The combined dataset comprised 975 positions includ-
ing gaps (488 from tub and 487 from cal), of which 
258 (26.5%) were parsimony-informative. MP analy-
ses yielded nine most-parsimonious trees (TL = 372, 
CI = 0.89, RI = 0.99); one of which is shown in Figure 
2. The resulting phylogeny resolved the six species into 
the three main phylogenetic lineages of section Nigri. 
Three of the isolates from the present study (GIHF506, 
GIHF507, and GIHF509) clustered unambiguously with-
in the A. tubingensis species clade, which forms part of 
the A. tubingensis lineage, and isolate GIHF508 clustered 
within the A. niger species clade. The ML analysis pro-
duced a topology highly congruent with the MP analy-
sis, confirming the same three major phylogenetic line-
ages and placement of the four isolates within the A. tub-
ingensis and A. niger species clades (Figure 2).

Figure 1. Field symptoms associated with Aspergillus infections in 
grapevines. (A) Decline symptoms in a vineyard. (B) External dis-
colouration and tissue damage on a trunk. (C) Trunk cross sections 
showing internal necroses. (D) Colonies of Aspergillus isolated 
from infected grapevine tissues.
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Morphological characterizations

After 4 to 7 d incubation at 25 °C in darkness, dis-
tinct colony characteristics were observed on CZA and 
PDA media for the representative isolates of A. niger 
(GIHF-508) and A. tubingensis (GIHF-506). On CZA, A. 
niger maintained dense black sporulation, with reverse 
pigmentation ranging from colourless to pale yellow. In 
contrast, A. tubingensis showed more variable sporula-
tion intensity, and had yellowish reverse pigmentation. 
On PDA, the A. niger isolate developed colonies with 
intense black sporulation, granular texture, and well-
defined white margins, while A. tubingensis had olive-
green to black sporulation, with floccose aerial mycelium 
and well-defined white margins. Microscope examina-
tion revealed that both A. niger and A. tubingensis pro-
duced globose to subglobose conidia and spherical vesi-
cles, typical of section Nigri, and had typical biseriate 
conidium structures. Aspergillus niger displayed robust 
conidiophores with prominent vesicles, dense conidium 

chains, and black, strongly echinulate, conidia. Aspergil-
lus tubingensis developed less robust conidiophores, less 
compact conidium chains, and brown finely roughened 
conidia. Both fungi produced globose conidium heads. 
Conidium diameters of A. niger ranged from 3.05 to 4.75 
μm (mean = 3.90 ± 0.42 μm), while those of A. tubin-
gensis ranged from 2.85 to 4.65 μm (mean = 3.74 ± 0.38 
μm). Vesicle diameters for A. niger varied from 36.39 to 
73.39 μm (mean = 54.06 ± 8.37 μm), and from 41.30 to 
61.17 μm (mean = 51.48 ± 6.12 μm) for A. tubingensis.

Mycelium growth at different temperatures

Curves that fit the temperature response to daily 
mycelium growth rates are shown in Figure 3. Equation 
parameters with their standard errors and goodness-of-fit 
coefficients are summarized in Table 2. In general, myce-
lium growth occurred between 15 and 40 °C, with radial 
expansion increasing with temperature, from 15 °C up 

Figure 2. One of nine most parsimonious trees obtained from the analysis of the combined sequence data of two loci (beta-tubulin and 
calmodulin) of 25 Aspergillus isolates. Scale bar shows 20 changes, and bootstrap support values from 1,000 replicates for Maximum Likeli-
hood (ML) and Maximum Parsimony (MP) analyses are indicated at the tree nodes (ML/MP). Values below 95% for ML and 70% for MP 
are not shown. The ex-type isolates are labelled with an asterisk, and the Aspergillus spp. isolated in the present study are highlighted in 
bold font. The tree was rooted to A. carbonarius (NRRL 369 and NRRL 346).



326 Adnan Ali, Maela León, Mónica Berbegal, Josep Armengol*Adnan Ali et alii

to a peak between 30 °C and 35 °C, followed by a sharp 
decline. At 15 °C, colony development was very slow (≤ 
1 mm day⁻¹), and increased with increasing tempera-
ture, reaching mean radial rates of approx. 1.5 to 3.5 mm 
d⁻¹ at 20–25 °C, while the greatest rates (6 to 8 mm d⁻¹) 

were recorded at 30 to 35 °C. At 40 °C, growth was sub-
stantially reduced (≤ 1 mm d⁻¹) and no mycelium growth 
occurred at 45 °C. Calculated optimum temperatures for 
growth ranged from 30.2 °C to 33.4 °C. The lower opti-
mum temperature was recorded for A. niger isolate GIHF-

Figure 3. Mean mycelium growth rates of Aspergillus isolates at different temperatures. (A) Isolate GIHF-506, (B) GIHF-507, (C) GIHF-508, 
and (D) GIHF-509. Observed mean daily growth rates (points) are shown together with the fitted temperature response model (gray lines).
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508 (Table 2). In general, the growth response equa-
tions provided a good fit of data, with adjusted R2 values 
ranging from 0.9404 to 0.9823, and RMSE ranging from 
0.0349 to 0.0631 (Table 2). CCC values were 0.99 for the 
equation describing the growth of the A. niger isolate, and 
0.97 for the equations of A. tubingensis isolates. 

Conidium germination at different temperatures and time 
periods

Conidium germination was influenced by tempera-
ture and incubation time, with A. niger generally initiat-
ing germ tube emergence slightly earlier than A. tubin-
gensis (Figure 4). No germination occurred at 10 °C even 

after 48 h of incubation, indicating that this temperature 
was below the physiological threshold for germination. 
Consequently, responses are described for 15 to 40 °C.

After 6 h, no germination was observed between 15 
°C and 30 °C for either species. At 35 °C, A. niger reached 
17% germination, and A. tubingensis reached 8% ger-
mination, while only 1% germination was recorded for 
A. niger at 40 °C. After 12 h, conidia remained dormant 
at 15 °C. At 20 °C, A. niger showed 1% germination, 
whereas at 25 °C germination rates were greater (86% 
in A. niger; 73% in A. tubingensis). Complete germina-
tion (100%) was achieved at 30 to 35 °C for both species, 
and nearly so (96%) at 40 °C. After 18 h, while no ger-
mination occurred at 15 °C, A. niger reached 75%, and 
A. tubingensis 21%, at 20 °C. Both isolates attained 100% 

Table 2. Parameters and goodness-of-fit coefficients for equations used to describe the effect of temperature on daily mycelial growth of 
Aspergillus niger (GIHF-508) and A. tubingensis (GIHF-506, GIHF-507 and GIHF-509) isolates. 

Isolate Topta
Estimated parameters ± SE Goodness-of-fit

a b c Adjusted R2b CCCc RMSEd

GIHF-506 33.4 5.70 ± 3.14 2.30 ± 0.53 0.93 ± 0.27 0.9456 0.9759 0.0631
GIHF-507 31.2 3.15 ± 1.56 1.82 ± 0.47 0.63 ± 0.24 0.9404 0.9744 0.0623
GIHF-508 30.2 2.36 ± 0.61 1.54 ± 0.24 0.45 ± 0.12 0.9823 0.9925 0.0349
GIHF-509 33.4 5.67 ± 2.84 2.32 ± 0.48 0.96 ± 0.25 0.9535 0.9795 0.0559
a: Predicted optimal temperature (Analytis, 1977); b: adjusted coefficient of determination; c: concordance correlation coefficient; d: root 
mean square error.

Figure 4. Mean conidium germination (%) of Aspergillus niger (upper histogram) and A. tubingensis (lower) at different temperatures (10 to 
40 °C) over time intervals of 6, 12, 18, 24, 36, or 48 h). Bars accompanying each symbol represent standard error. 
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conidium germination between 25 and 40 ºC. After 24 
h germination was initiated at 15 ºC (3% in A. niger, 1% 
in A. tubingensis), while at 20 °C, A. niger reached 100%, 
and A. tubingensis 90%. After 36 h, germination at 15 °C 
reached of 92% for A. niger and 79% for A. tubingensis. 
After 48 h, complete germination (100%) was achieved at 
all temperatures from 15 to 40 °C.

Pathogenicity test on grapevine plants

After 50 d incubation, both A. niger and A. tubingen-
sis induced characteristic AVC symptoms on the inocu-
lated grapevine shoots, while non-inoculated control 
plants remained symptomless. Necrotic lesions devel-
oped around the inoculation sites and extended longitu-
dinally along the internodes. Darkened vascular tissues 
and black conidium masses were evident beneath the 
bark of inoculated plants.

The inoculated fungi were successfully re-isolated 
from all symptomatic tissues (100% re-isolation frequen-
cy), thereby fulfilling Koch’s postulates. Mean lesion 
lengths differed significantly among the inoculated iso-
lates (Figure 5), with the longest lesions produced by 

A. niger (43.62 ± 12.01 mm), followed by A. tubingensis 
(23.12 ± 7.65 mm). The non-inoculated control plants 
had limited discolourations around the wound sites 
(11.87 ± 1.02 mm).

Statistical analyses of lesion length data showed sta-
tistically significant effects on lesion development. How-
ever, no significant effect was observed for the experi-
ment or the experiment × isolate interaction, indicating 
consistent symptom development across the two experi-
mental repetitions. Post hoc comparisons showed signifi-
cant differences among the isolates (Figure 5). and both 
inoculated isolates of Aspergillus spp. produced larger 
lesions than for the non-inoculated controls.

Pathogenicity test on grapevine leaves

Pathogenicity tests conducted on detached leaves of 
cv. ‘Alphonse Lavallée’ revealed significant differences in 
disease severity among inoculated isolates after 10 d of 
incubation (Figures 6 and 7). While most non-inoculated 
control leaves had no visible symptoms, one leaf exhibit-
ed slight wilting (severity = 1), resulting in a mean sever-
ity index of 0.12. In contrast, inoculated leaves developed 
characteristic red necrotic lesions and sporulation at the 
infection sites, consistent with Aspergillus infections.

Leaves inoculated with A. niger exhibited variable 
responses, with symptom severity ranging from 0 to 5 
(mean severity index = 2.63), Red-necrotic lesions and 
localized mycelium growth were frequently observed, 
and some leaves developed black conidium masses at 
the inoculation sites. Aspergillus tubingensis induced the 
most severe symptoms, with seven out of the eight inoc-
ulated leaves reaching the maximum severity score (5), 
characterized by extensive mycelium growth and abun-
dant conidium formation. The mean severity index for A. 
tubingensis was 4.38.

Statistical analyses confirmed a significant effect (P 
< 0.001) of the inoculations on leaf symptom severity rel-
ative to the non-inoculated controls. However, no effect 
(P = 0.596) was observed for the experiment. Post hoc 
comparisons indicated that while both Aspergillus spe-
cies caused greater disease severity than the non-inoc-
ulated controls, the differences between the two fungal 
species were not statistically significant (Figure 7).

DISCUSSION

This study provides the first report of Aspergillus 
vine canker (AVC) affecting table grapevine in Spain. 
Etiology of this disease was established through mor-
phological and molecular pathogen characterization, in 

Figure 5. Mean lesion lengths in grapevine stems caused by Asper-
gillus niger and A. tubingensis isolates, compared with non-inocu-
lated controls. Bars accompanying each mean represent standard 
errors, and different letters indicate statistically significant differenc-
es between the means, as shown by Bonferroni-adjusted pairwise 
comparisons of the means.
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vitro assays assessing mycelium growth and conidium 
germination of Aspergillus isolates under varying tem-
peratures, and their pathogenicity to grapevine plants 
and leaves.

These results identified A. niger and A. tubingensis 
associated with AVC symptomatic plants. The combined 
use of cal and tub loci were effective for precise species 
level identifications within Aspergillus section Nigri, ena-
bling differentiation of closely related taxa (Vitale et al., 
2012). Morphological analyses also provided differentia-
tion between these two species, confirming the results of 
the molecular identification. Aspergillus tubingensis was 
the predominant species, accounting for most isolates 
recovered from symptomatic table grape cankers, while 
A. niger occurred less frequently, indicating its coexist-
ence with A. tubingensis in the AVC complex.

These results are consistent with those from other 
grape-producing regions. In Sicily, A. tubingensis and 
A. niger were identified as the main species associated 
with AVC, both capable of inducing lesions on woody 
grapevine tissues (Vitale et al., 2012). Bustamante et al., 
(2024) also reported A. tubingensis as the dominant spe-

cies responsible for AVC and summer bunch rot in Cali-
fornia, whereas A. niger was detected at lower frequency. 
Similar results were observed in Mexico, where A. tubin-
gensis and A. niger were confirmed as the causal agents 
of AVC in several table grape cultivars (Rangel-Montoya 
and Hernández-Martínez, 2024).

Regarding effects of temperature on mycelium 
growth, both species showed similar patterns, but A. 
niger consistently had slightly faster radial growth 
than the A. tubingensis isolates across most tempera-
tures assessed. The optimal growth temperatures were 
between 30 and 33 °C, and no growth occurred above 
40 °C, which aligns with previously described thermal 
profiles for Aspergillus species involved in AVC (Vitale et 
al., 2012; Bustamante et al., 2024; Rangel-Montoya and 
Hernández-Martínez, 2024). Temperature also strongly 
influenced conidium germination of both species. The 
absence of germination at 10 °C showed that this tem-
perature was below the physiological threshold, while 
the rapid and complete germination between 30 and 
35 °C identified the optimum range, corresponding to 
observations of temperature effects on mycelium growth. 

Figure 6. Grapevine leaf symptoms caused by Aspergillus niger or A. tubingensis, compared with symptomless non-inoculated control leaves 
(left).
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The ability of conidia to germinate at 40 °C demonstrat-
ed high thermal tolerance in the isolates assessed.

These results indicate that A. niger and A tubingen-
sis are both adapted to periods of elevated environmen-
tal temperatures typical of Mediterranean and semi-arid 
summers (Houbraken et al., 2020; Rangel-Montoya and 
Hernández-Martínez, 2024), and are consistent with pre-
vious findings. In Italy and California, A. niger and A. 
tubingensis were confirmed as the main agents of AVC, 
and were shown to thrive in warm, semi-arid vineyards 
(Vitale et al., 2012; Bustamante et al., 2024). Mexican 
isolates (A. tubingensis, A. niger and A. welwitschiae) sur-
vived temperatures of up to 40 to 50 °C (Rangel-Mon-
toya and Hernández-Martínez, 2024). Seasonal aero-
biology studies carried out by Bustamante et al. (2024) 
revealed sustained, warm season conidium production. 
Traps placed in table grape vineyards in Kern County, 
California, from late spring through summer, repeatedly 
captured Aspergillus, indicating that airborne inoculum 
can persist for weeks to months rather than appearing in 
brief pulses.

The pathogenicity tests performed on table grape 
plants cv. ‘Alphonse Lavallée’ demonstrated that both 
A. niger and A. tubingensis are pathogenic to grapevine 
wood, with A. niger exhibiting greater virulence than A. 
tubingensis, which is consistent with reports from Italy 
(Vitale et al., 2012), California (Bustamante et al., 2024), 
and Mexico (Rangel-Montoya and Hernández-Martín-

ez, 2024). Grapevine leaf inoculations with A. niger and 
A. tubingensis also showed that both species can colo-
nize grapevine leaf tissues. Development of necroses, 
mycelium growth, and black conidial masses on inocu-
lated leaves, corroborates results of foliar inoculations 
reported in previous studies in Mexico (Rangel-Mon-
toya and Hernández-Martínez, 2024), confirming the 
ability of these species to infect woody and green grape-
vine tissues.

Overall, the present study results confirm that A. 
niger and A. tubingensis are associated with table grape 
cankers in southeastern Spain, and highlight the abil-
ity of these fungi to develop under high temperatures, 
posing potential threats to grape and wine production 
under warm Mediterranean climatic conditions.
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Summary. Broomrape (Orobanche cumana Wallr.) is a parasitic plant of sunflower 
which is racially evolving and geographically expanding across most sunflower-grow-
ing regions. In the Republic of Moldova, broomrape has been present since 1937. 
Genetic diversity and structure of seven Moldovan broomrape populations, and ref-
erence populations from neighbouring Türkiye, Bulgaria, Romania and Serbia, were 
analysed using a set of 90 single nucleotide polymorphism (SNP) markers. Genetic 
diversity was moderate but highly variable among Moldovan populations, with appre-
ciable unbiased expected heterozygosity and Shannon’s index values in several popu-
lations. Observed heterozygosity was consistently low relative to expected heterozy-
gosity, a pattern consistent with the predominantly selfing broomrape mating system. 
Population structure analyses, based on STRUCTURE, principal coordinates analysis 
(PCoA) and Neighbor-Joining clustering, consistently revealed the presence of two 
main genetic groups within Moldova. These groups had different affinities with popu-
lations from neighbouring countries, with genetic group G1 close to Romanian popu-
lations and genetic group G2 close to populations from Türkiye and Bulgaria, indicat-
ing a geographical component underlying the observed genetic differentiation. Analy-
sis of molecular variance (AMOVA) indicated that most of the genetic variation was 
explained by differences among populations, confirming strong broomrape population 
structuring within Moldova.

Keywords.	 Genetic diversity, parasitic weed, SNP markers, virulence, population 
structure.

INTRODUCTION

Sunflower (Helianthus annuus L.) is an important oilseed crop, but 
its production is severely constrained by the root holoparasitic weed 
Orobanche cumana Wallr. The parasite has rapidly expanded its distribu-
tion in recent decades, particularly in Eastern Europe and the Mediterra-
nean basin, where the intensification of sunflower cultivation has favoured 
emergence and spread of highly virulent populations able to overcome 
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resistance genes deployed in commercial sunf lower 
hybrids (Cvejić et al., 2020).

Understanding the genetic structure and diversity 
of O. cumana populations is essential for interpreting 
evolutionary dynamics of the parasite, and its capacity 
to adapt to resistant sunflower genotypes. High levels of 
genetic diversity may enhance the adaptive potential of 
the species, facilitating occurrence of new virulence pro-
files, and breakdowns of host resistance. Although O. 
cumana is a predominantly self-pollinating species, sev-
eral studies have reported substantial levels of cross-fer-
tilization and gene flow between populations (Rodríguez-
Ojeda et al., 2013a; Pineda-Martos et al., 2014). The exist-
ence of cross-fertilization, together with efficient seed 
dispersal that may lead to multiple introductions into 
particular areas (Nabloussi et al., 2023), and admixture 
of populations (Fernández-Melero et al., 2023), may con-
tribute to increasing genetic diversity within populations, 
and to reduced geographic differentiation among popu-
lations compared with expectations for a predominantly 
autogamous species (Duca and Bivol, 2023).

Several studies have analysed population diversity of 
O. cumana using different types of molecular markers, 
including RAPD, ISSR, AFLP, SSR, and, more recently, 
SNPs (Gagne et al., 2000; Pineda Martos et al., 2013; 
Guchetl et al., 2014; Molinero-Ruiz et al., 2014; Martin-
Sanz et al., 2016; Malek et al., 2017; Jebri et al., 2017; Ari 
et al., 2022; Duca and Bivol, 2023; Fernández-Melero et 
al., 2023; Nabloussi et al., 2023; Dedić et al., 2026). In the 
Black Sea basin, which is a main centre of O. cumana dis-
tribution, several studies have described the genetic rela-
tionships among populations from countries such as Bul-
garia, Romania, Türkiye and Moldova. Analyses based on 
ISSR and SSR markers have generally shown substantial 
genetic differentiation among populations, although with 
weak geographic structuring and a tendency for Eastern 
European populations to share broadly related genetic 
backgrounds (Guchetl et al., 2014; Duca et al., 2019; 
Duca and Bivol, 2023; Duca et al., 2024).

Moldova is a relevant but still poorly characterised 
region for O. cumana population genetics. Previous stud-
ies evaluated Moldovan populations using limited num-
bers of ISSR or SSR markers (Duca et al., 2019; Duca et 
al., 2022; Duca and Bivol, 2023). Although these studies 
detected genetic differentiation among populations, they 
did not clearly resolve whether Moldovan populations 
shared one regional genetic background, or comprised 
differentiated genetic groups with distinct affinities to 
populations from neighbouring areas of the Black Sea 
region. Consequently, the internal subdivision of Mol-
dovan populations and their regional genetic relation-
ships remain only partially understood. The resolution 

of ISSR and SSR markers for detailed analyses of inter- 
and intrapopulation genetic diversity is limited and may 
be insufficient to detect fine scale population structure 
or recent divergence processes (Dossa et al., 2025). In 
contrast, single nucleotide polymorphism (SNP) mark-
ers provide increased resolution for detecting genetic 
variation, population structure, and admixture pat-
terns (Morin et al., 2004; Helyar et al., 2011). Therefore, 
the use of a denser panel of locus-specific SNP markers 
may help to clarify the fine scale genetic structure of O. 
cumana populations within Moldova, and their affinities 
with populations from neighbouring regions.

The objectives of the present study were to deter-
mine whether O. cumana populations from the Republic 
of Moldova comprise differentiated genetic groups, and 
to examine their relationships with reference populations 
from neighbouring countries, using SNP markers.

MATERIALS AND METHODS

Sunflower broomrape populations

The study focused on seven Moldovan broomrape 
populations that were previously characterized using 
ISSR and SSR markers (Duca et al., 2022; Duca and 
Bivol, 2023). These populations were selected because 
archived DNA of sufficient quality was available for sev-
eral individuals, whereas DNA from the remaining pop-
ulations was too degraded for reliable SNP genotyping. 
The selected populations were from a broad geographical 
range within Moldova, although they should not be con-
sidered an exhaustive representation of the genetic diver-
sity present in this country (Figure 1). They included: 
RM4 (Soroca), RM6 and RM7 (Bălți) in northern Moldo-
va; RM12 (Căzănești) in the central part of the country; 
RM9 (Grigorievca) in south-eastern Moldova; and RM2 
(Svetlii) and RM13 (Congaz) in southern Moldova.

The reference populations were selected to place 
the genetic variation observed in Moldova within a 
broader regional context. The assessments included 
most of the previously analysed Bulgarian (B2 to B4), 
Turkish (T1, T2, T3, T5), and Romanian (R1) popula-
tions, together with the Moldovan populations analysed 
by Duca and Bivol (2023), allowing direct comparison 
with the earlier ISSR-based study. Two additional previ-
ously characterized populations, and representatives of 
well-known gene pools, were also included as reference 
populations, including OCCS010 from Braila, Romania 
and OCCS009, from North Bačka County in Vojvodina, 
Serbia (Dedić et al., 2026). Selection was therefore based 
primarily on geographical relevance, continuity with 
previous studies, and available information on popula-
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tion genetic relationships, rather than on virulence clas-
sification.

The numbers of individuals per population are 
provided in Table 1 for the Moldovan populations. For 
the reference populations, the numbers of individuals 
ranged from five in T3 to 14 in OCCS009 and OCCS010. 
Because the study was based on archived biological 
material, the numbers of successfully genotyped individ-
uals were small and unequal among populations. Conse-
quently, estimates of allele frequencies and intrapopula-
tion diversity, particularly for populations represented by 
four to six individuals, should be interpreted cautiously.

Plant genotyping

DNA of individual plants, and in some cases SNP 
genotyping data, were available from the previous stud-
ies mentioned above. Genotyping of individual broom-

rape plants was carried out using 96 O. cumana SNP 
markers selected from the set reported and mapped by 
Calderón-González et al. (2019). After removing the 
markers with more than 10% missing data, the assess-
ments were carried out with 90 SNP markers (Supple-
mentary Table S1).

Genetic diversity and population structure analyses

Genetic diversity within populations was assessed 
using GenAlEx v.6.5 (Peakall and Smouse, 2012). 
For each population, intrapopulation diversity was 
described by estimating the percentage of polymor-
phic loci (P), observed heterozygosity (Ho), expected 
heterozygosity (He), unbiased expected heterozygosity 
(uHe), the fixation index (F), and Shannon’s diversity 
index (I). Mean values and standard errors were cal-
culated across loci. Because of the small and unequal 

Figure 1. Geographic origins of the Moldovan and reference populations of Orobanche cumana analysed in this study. Population codes 
correspond to those used in the text and tables of this paper.
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population sample sizes, differences among population-
level diversity estimates were interpreted descriptively, 
but were not subjected to formal significance tests. Nei’s 
unbiased genetic distance was also computed between 
pairs of populations. The resulting distance matrix 
was used to construct a Neighbor-Joining (NJ) tree. 
The analysis was carried out using MEGA12 software 
(Kumar et al., 2024), with default parameters. The NJ 
tree was used to visualize patterns of genetic similarity 
among populations.

Population relationships were further explored by 
principal coordinates analysis (PCoA), carried out in 
GenAlEx v.6.5 using a matrix of pairwise codominant 
genotypic distances among individuals, and calcu-
lated across the 90 SNP loci. Graphical representation 
of PCoA results was produced using OriginPro 2023b 
(OriginLab Corporation).

Population structure was inferred with STRUC-
TURE v.2.3.4 (Pritchard et al., 2000), using an admix-
ture model with correlated allele frequencies (Falush 
et al., 2003). The number of genetic clusters (K) tested 
ranged from 1 to 10, with ten independent runs per-
formed for each K value. Each run consisted of 100,000 
Markov chain Monte Carlo (MCMC) iterations, follow-
ing a burn-in period of 10,000 iterations. The most like-
ly number of clusters was determined using Structure 
Selector (https://lmme.ac.cn/StructureSelector/). Cluster 
alignments across runs were carried out with CLUMPP 
v.1.1.2b (Jakobsson and Rosenberg, 2007), using the 
FullSearch algorithm. Following the STRUCTURE 
analysis, individuals were assigned to clusters based on 
membership coefficients, and the two principal coordi-
nates of PCoA were replotted, with the individuals from 
Moldova separated into those assigned to the genetic 
groups 1 (G1) and 2 (G2), based on more that 95% mem-
bership, and those admixed (A), having less than 95% 
membership to both genetic groups.

Analyses of molecular variance (AMOVA) were car-
ried out using GenAlEx v.6.5 (Peakall and Smouse, 2012) 
to partition genetic variation among and within popula-
tions. This analysis was restricted to the Moldovan pop-
ulations. Statistical significance of variance components 
were assessed using permutation tests implemented in 
the software.

RESULTS

Genetic diversity within Moldovan broomrape pop-
ulations showed considerable variation among popu-
lations (Table 1). Percentages of polymorphic loci (P) 
ranged widely, from 1.11% in RM12 to 74.44% in RM6. 
Most populations exhibited moderate levels of poly-
morphism, with values greater than 50%, whereas RM7 
(22.22%) and particularly RM12 (1.11%) showed low pol-
ymorphism. Observed heterozygosity (Ho) was consist-
ently low across all the populations, ranging from 0.00 
in RM13 to 0.11 in RM2. Expected heterozygosity (He) 
and unbiased expected heterozygosity (uHe) followed 
similar patterns. RM7 and RM12 had very low uHe val-
ues of, respectively, 0.03 and 0.01, consistent with their 
low P values, while the remaining populations had val-
ues between 0.21 and 0.29 (Table 1). The fixation index 
(F) was positive in all populations for which it had been 
reported, ranging from 0.09 in RM7 to 0.98 in RM13. 
Particularly high values were observed in RM4 (0.94), 
RM9 (0.96) and RM13 (0.98), indicating marked defi-
cits of heterozygotes. Shannon’s diversity indices (I) fol-
lowed a similar pattern to the expected heterozygosity, 
with the lowest values in RM12 (I = 0.01) and RM7 (I = 
0.03), while the remaining populations had values rang-
ing from 0.30 to 0.38.

Analysis of molecular variance (AMOVA) showed 
that most of the genetic variation was explained by dif-

Table 1. Intrapopulation genetic diversity parameters of seven Orobanche cumana populations from Moldova, including the number of 
individuals analysed (N), percentage of polymorphic loci (P), observed heterozygosity (Ho), expected heterozygosity (He), unbiased 
expected heterozygosity (uHe), fixation index (F), and Shannon’s diversity index (I).

Population No. P (%) Ho (± SE) He (± SE) uHe (± SE) F (± SE) I (± SE)

RM2 6 66.67 0.11 ± 0.02 0.25 ± 0.02 0.27 ± 0.02 0.47 ± 0.05 0.37 ± 0.03
RM4 4 56.67 0.02 ± 0.01 0.23 ± 0.02 0.27 ± 0.03 0.94 ± 0.04 0.34 ± 0.03
RM6 9 74.44 0.09 ± 0.01 0.26 ± 0.02 0.27 ± 0.02 0.56 ± 0.05 0.38 ± 0.03
RM7 8 22.22 0.02 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.09 ± 0.04 0.06 ± 0.01
RM9 10 58.89 0.01 ± 0.01 0.20 ± 0.02 0.21 ± 0.02 0.96 ± 0.03 0.30 ± 0.03
RM12 7 1.11 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 —a 0.01 ± 0.01
RM13 5 56.67 0.00 ± 0.00 0.27 ± 0.03 0.29 ± 0.03 0.98 ± 0.02 0.37 ± 0.04

aThe fixation index (F) was not reported for RM12, because it was based on a single polymorphic locus and was therefore not considered 
informative at population level.

https://lmme.ac.cn/StructureSelector/
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ferences among populations (53%), followed by variation 
among individuals within populations (38%), whereas 
variation within individuals was low (9%) (Table 2).

Figure 2 shows the biplots of the three principal 
coordinates obtained from the PCoA. The first three 
principal coordinates accounted for 53.5% of the total 
genetic variation (respectively, 23.6, 18.6 and 11.3%). 
Therefore, the biplots provide a partial representation of 
the multilocus variation, and were interpreted together 
with the STRUCTURE, Neighbor-Joining, and AMOVA 
results. In the plot of PCo1 vs. PCo2, some Moldovan 
individuals were located close to individuals from Roma-
nia, whereas the remaining individuals were positioned 
close to those from Türkiye and Bulgaria. A similar pat-
tern was observed in the PCo1 vs. PCo3 plot. The plot of 
PCo2 vs. PCo3 did not provide additional information.

STRUCTURE analyses identified two main genetic 
groups (G1 and G2) within the Moldovan broomrape 
populations. The ΔK statistic showed a pronounced 
maximum at K = 2, providing strong support for this 
subdivision, whereas the secondary peak at K = 5 was 
considerably smaller (Figure 3). Most populations 
showed predominant assignment to one of the two 
groups, although admixed individuals were detected in 
several cases (Table 3). Populations RM2, RM4, RM7 
and RM13 were mainly associated with G1, showing 
high mean membership coefficients and considerable 
proportions of individuals with assignment values above 
95%. In contrast, RM9 and RM12 were clearly assigned 
to G2, with most individuals showing high membership 
to this group. Population RM6 displayed a more het-
erogeneous pattern, with individuals assigned to both 
groups, and a relatively high proportion of admixed gen-
otypes. The Neighbor-Joining tree based on Nei’s genet-
ic distance (Figure 4) supported the genetic structure 
inferred by STRUCTURE. The Moldovan populations 
were separated into two main clusters, largely consistent 
with their assignment to G1 and G2. Populations asso-
ciated with G1 tended to cluster together, and showed 
close relationships with reference populations from 
Romania (R1 and OCCS010), whereas those associated 

Table 2. Analysis of molecular variance (AMOVA) for Orobanche 
cumana populations from Moldova, based on SNP markers, show-
ing the partitioning of genetic variation among populations, among 
individuals within populations, and within individuals.

Source df SS MS Estimated 
Variance %

Among Populations 6 971.753 161.959 10.508 53
Among Individuals 42 707.696 16.850 7.547 38
Within Individuals 49 86.000 1.755 1.755 9
Total 97 1765.449 19.810 100

Figure 2. Principal coordinates analysis of 49 Orobanche cumana 
individuals from seven populations from the Republic of Moldova, 
together with 147 individuals from Bulgaria, Türkiye, Romania and 
Serbia used as references. Biplots with axes one and two, one and 
three, and two and three are shown. The percentage of variation 
explained by each principal coordinate is indicated in the axis titles.
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with G2 were more closely related to populations from 
Türkiye (T1–T3, and T5), Bulgaria (B2–B4), and Serbia 
(OCCS009).

Figure 5 shows the PCoA (axes 1 and 2), replot-
ted according to the STRUCTURE-based classification 
of Moldovan individuals. A clear correspondence was 
apparent between the distance-based PCoA and STRUC-
TURE analysis, with individuals assigned to each genet-
ic group generally located at opposite extremes of the 
distribution of Moldovan samples, and admixed individ-
uals occupying intermediate positions.

DISCUSSION

The present study has shown that the Moldovan 
broomrape populations analysed did not constitute a 
single homogeneous regional genetic background, but 
comprised at least two differentiated groups with con-
trasting affinities within the Black Sea region. This pat-
tern was consistently supported by STRUCTURE, PCoA, 
and distance-based clustering analyses, indicating that 
the observed structure was robust across different ana-
lytical approaches, and has consistent biological rele-
vance. Nevertheless, because only seven populations and 
a limited number of individuals were available, extrapo-
lation of this pattern to the full diversity of O. cumana in 
Moldova requires caution.

Previous studies have also reported the existence 
of two differentiated O. cumana gene pools at country 
levels. This was the case, for example, of countries out-
side the main centre of distribution of the parasite, such 
as in Spain (Pineda-Martos et al., 2013) and Morocco 

Figure 3. Delta K for values of K in the analysis of genetic structure 
of the Orobanche cumana populations from Moldova evaluated in 
this study.

Table 3. Genetic structures of sunflower broomrape populations 
from Moldova, showing the mean membership coefficients (q) in 
genetic groups G1 and G2, the number of individuals assigned to 
each group, and the number of admixed individuals. Individuals 
with q > 0.95 for either group were assigned to that group, whereas 
those with q ≤ 0.95 for both groups were classified as admixed.

Population Mean q, 
G1 

Mean q, 
G2 G1 (n) G2 (n) Admixed

RM2 0.82 0.18 2 0 4
RM4 0.87 0.13 2 0 2
RM6 0.63 0.37 4 1 4
RM7 0.98 0.02 7 0 1
RM9 0.07 0.93 0 8 2
RM12 0.00 1.00 0 7 0
RM13 0.85 0.15 3 0 2

Figure 4. Neighbor-Joining (NJ) tree showing genetic relationships 
among Orobanche cumana populations based on Nei’s unbiased 
genetic distance. The tree illustrates the genetic similarity among 
populations from Moldova and with reference populations from 
other countries. The scale bar represents genetic distance.



339Two genetic groups of Orobanche cumana Wallr. in Moldova show contrasting regional affinitiesTwo genetic groups of Orobanche cumana Wallr. in Moldova show contrasting regional affinities

(Nabloussi et al., 2023). However, in both of these coun-
tries, absence of genetic diversity within populations 
pointed to separate introductions followed by founder 
effects, rather than to local evolutionary processes of 
broomrape populations (Pineda-Martos et al., 2013; 
Nabloussi et al., 2023). In contrast, Dedić et al. (2026) 
identified two contrasting genetic groups in Serbia, asso-
ciated with separate evolutionary histories and prob-
ably different introduction events. The pattern observed 
in Moldova in the present study is probably consistent 
with different introductions, as the two identified genetic 
groups have affinities with populations from neighbour-
ing countries, Romania for genetic group G1, and Tür-
kiye and Bulgaria for genetic group G2. This indicates 
that the differentiation observed in Moldovan popula-
tions may reflect historical processes of diversification 
and gene flow within the Black Sea region.

The contrasting affinities of G1 and G2 are com-
patible with the contribution of at least two historical 
regional sources for the present Moldovan populations. 
The relationship of G1 with Romanian populations 
may reflect connections with the Lower Danube region, 
whereas the affinities of G2 with Bulgarian and Turkish 
populations point to genetic connections with the west-
ern and southern sectors of the Black Sea basin. Move-
ment of the very small broomrape seeds through con-

taminated host seed lots, in soil transported by agricul-
tural machinery, or from other agricultural exchanges, 
could have contributed to these regional connections, 
followed by local multiplication and differentiation 
under predominant self-pollination. Nevertheless, the 
present set of reference populations is insufficient to 
establish direction or timing of broomrape dispersal.

AMOVA results showed that most of the genetic 
variation was explained by differences among popula-
tions (53%), providing quantitative support for strong 
population structuring in sunflower broomrape popu-
lations from Moldova. Previous studies based on ISSR 
and SSR markers that included some of the Moldovan 
populations analysed here, together with populations 
from other countries, also showed strong genetic struc-
turing in O. cumana populations (Duca et al., 2022; 
Duca and Bivol, 2023). However, in those studies AMO-
VA was conducted on broader datasets than assessed in 
the present study, including populations from Romania, 
Türkiye, Serbia, Bulgaria and China, with the variance 
partitioned among countries, among populations within 
countries, and within populations. Therefore, the results 
are not directly comparable with those from the present 
study. Nevertheless, the present results demonstrate that 
strong population structuring is already evident when 
considering Moldovan populations alone. AMOVA has 
rarely been used to partition genetic variation among 
and within populations of O. cumana at country or 
regional levels. In a study based on O. cumana popula-
tions growing on wild hosts in the Black Sea region of 
Bulgaria, Pineda-Martos et al. (2014) reported 59.5% of 
variance among populations and 40.5% within popula-
tions, values consistent with those obtained in the pre-
sent study. Other studies have applied AMOVA mainly 
to compare gene pools (Guchetl et al., 2014), or to assess 
genetic variation among countries and regions (Moline-
ro-Ruiz et al., 2014).

The predominance of among-population variation is 
biologically consistent with the mating system of O. cuma-
na. Predominant self-pollination reduces effective gene 
flow and recombination among local populations, favours 
the maintenance of homozygous genotypes, and allows 
genetic drift and founder effects to generate marked dif-
ferentiation among geographically separated popula-
tions (Nybom, 2004). The consistently low observed het-
erozygosity and the small within individual component 
of AMOVA support this interpretation. Local selection 
imposed by the sunflower genotypes cultivated in each 
area could further contribute to differentiation, if popu-
lations have been exposed to different resistance genes 
(Pérez-Vich et al., 2013). However, information on the his-
torical composition of sunflower cultivars at the collection 

Figure 5. Principal coordinates plot (PCo 1 vs. PCo 2) of 49 
Orobanche cumana individuals from seven populations from the 
Republic of Moldova, separated into those assigned to the genetic 
groups 1 (G1) and 2 (G2), based on more that 95% membership, 
and those admixed (A), having less than 95% membership to both 
genetic groups, together with 147 individuals used as references, 
from Bulgaria, Türkiye, Romania and Serbia. The percentage of 
variation explained by each principal coordinate is indicated in the 
axis titles.
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sites assessed in the present study was not available, and 
the relative contribution of host-mediated selection cannot 
here be separated from demographic processes.

The two O. cumana genetic groups identified in 
this study should not be interpreted as distinct viru-
lence groups. According to previously reported race clas-
sifications, G1 includes populations classified as race 
H (RM2, RM4, RM6 and RM7) and race E (RM13), 
whereas G2 includes one race H population (RM9) and 
one race E population (RM12) (Duca and Bivol, 2023). 
Therefore, the available information does not indi-
cate that virulence is simply associated with the genetic 
groups revealed by the SNP analysis. This is biologically 
plausible, because virulence may be determined by vari-
ation at one or a few avirulence loci, and may therefore 
differ among populations that otherwise share similar 
overall genetic backgrounds (Rodríguez-Ojeda et al., 
2013b; Fernández-Melero et al., 2023).

The overall level of genetic diversity observed with-
in Moldovan O. cumana populations was moderate, but 
was highly variable among populations. Observed het-
erozygosity was consistently low compared to expected 
heterozygosity, and the positive fixation index recorded 
in all populations for which these indices were reported 
(Table 1) indicated a marked deficit of heterozygotes. 
This pattern is consistent with the predominantly self-
pollinating mating system of O. cumana (Rodríguez-
Ojeda et al., 2013a), and with the low intrapopulation 
variability and strong genetic differentiation among 
populations previously reported for the species (Gagne 
et al., 1998). The presence of populations with very low 
diversity, such as RM12 and to a lesser extent in RM7, 
may reflect founder effects or recent bottlenecks (Cvejić 
et al., 2020).

The results of the present study provide additional 
insights compared with previous research in the region. 
Duca et al. (2022) and Duca and Bivol (2023), using SSR 
and ISSR markers on a set of populations that included 
those analysed in the present study, also detected sub-
stantial genetic structuring among O. cumana popula-
tions from Moldova and other countries. However, the 
increased resolution provided by SNP markers in the 
present study allowed a clearer identification of two 
differentiated genetic groups within Moldovan popu-
lations. While SSR and ISSR markers are useful for 
detecting overall genetic variability and population dif-
ferentiation, their capacity to resolve fine scale genetic 
structure is limited (Özbek, 2024). Despite the reduced 
number of populations and individuals analysed com-
pared with the previous studies, the use of SNP mark-
ers allowed clear resolution of genetic structure. This 
indicates that marker resolution may be more impor-

tant than sample size for detecting fine scale popula-
tion structures, although both aspects remain impor-
tant. Low sampling intensity may limit detection of low 
frequency variants, and therefore the present results 
should be interpreted within this context.

The SNP panel used in this study also provided a 
baseline for future molecular surveillance of O. cumana 
in the Black Sea region. Comparison of newly collected 
populations with the G1 and G2 reference profiles could 
help to identify new introductions, monitor changes 
in admixtures, and allow tracing of regional spread of 
emerging populations. Molecular surveillance should be 
combined with standardized virulence phenotyping to 
assess race composition of new populations. Integration 
of both types of information could support selection of 
populations for resistance screening, early detection of 
changes in virulence, and coordinated regional deploy-
ment and diversification of host resistance sources.

CONCLUSIONS

Combined evidence from diversity indices, AMO-
VA, STRUCTURE, PCoA and distance-based analyses 
indicates that the studied Moldovan populations of O. 
cumana comprise at least two genetic groups with dis-
tinct regional affinities: G1 with Romanian populations, 
and G2 with Bulgarian and Turkish populations. These 
results provide a genetic baseline for monitoring the 
regional dispersal and admixture of sunflower broom-
rape populations in Moldova. Integration of SNP-based 
surveillance with standardized virulence phenotyping 
may contribute to early detection of emerging popula-
tions, and to allow informed regional deployment of 
resistant sunflower hybrids.
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Fusarium and Neocosmospora associated with 
cultivated and wild Asparagus officinalis in The 
Netherlands

Marcelo SANDOVAL-DENIS1,*, Mark ZWART2, Roel BROUWER1, 
Johannes Z. GROENEWALD1, Wilfried JONKERS3, Diana KATSCHNIG3, 
Wietse DE BOER2, Paolina GARBEVA2, Pedro W. CROUS1

1 Westerdijk Fungal Biodiversity Institute, Uppsalalaan 8, 3584 CT, Utrecht, The Nether-
lands
2 Netherlands Institute of Ecology (NIOO-KNAW), 6708 PB, Wageningen, The Nether-
lands
3 Bejo Zaden B.V., 1749 CZ, Warmenhuizen, The Netherlands
*Corresponding author. E-mail: m.sandoval@wi.knaw.nl

Summary. Fusarium crown and root rot is one of the main threats to asparagus pro-
duction worldwide. The aetiology of the disease, attributed to several species of Fusar-
ium and Neocosmospora, has not been re-evaluated in the context of recent advances 
in Fusarium taxonomy, and relevant studies in The Netherlands are scarce and out-
dated. Asparagus officinalis plants and associated soil samples were assessed from 38 
cultivated fields and one location where this plant naturally occurs in The Netherlands. 
A total of 164 specimens were obtained yielding 551 fungal strains. Fungal identifica-
tion according to DNA sequencing and phylogenetic analyses based on fragments of 
the translation elongation factor 1-alpha (tef1) and the DNA-directed RNA polymerase 
II second largest subunit (rpb2) showed that these isolates belonged to 20 taxa (Fusar-
ium acuminatum, F. annulatum, F. avenaceum, F. carminascens, F. celtidicola, F. clavus, 
F. cugenangense, F. culmorum, F. equiseti, F. flagelliforme, F. flocciferum, F. inflexum, 
F. nirenbergiae, F. odoratissimum, F. oxysporum, F. redolens, F. vanleeuwenii, Neocos-
mospora geoasparagicola, N. solani and N. stercicola), of which 11 species (Fusarium 
avenaceum, F. carminascens, F. celtidicola, F. clavus, F. cugenangense, F. flagelliforme, F. 
flocciferum, F. inflexum, F. odoratissimum, F. vanleeuwenii and N. stercicola) are first 
reports on A. officinalis. These results, and testing of Koch’s postulates on A. officinallis 
plantlets, showed that F. annulatum, F. culmorum, F. redolens, F. nirenbergiae and N. 
solani were the most prevalent and aggressive species. In contrast, although F. oxyspo-
rum is pathogenic to A. officinalis, it was among the least prevalent species encoun-
tered in this study.
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INTRODUCTION

Asparagus officinalis has historically been cultivated 
in The Netherlands, and at present remains an economi-
cally significant crop. Primarily grown as a cash crop 
in the southern-most provinces of Limburg and Noord-
Brabant (CBS, 2025), wild plants also occur in sandy 
and loamy soil on the dunes of South and North Hol-
land and Zeeland provinces. Dutch asparagus produc-
tion has fluctuated between 13.3 to 17.5 million kg p. a. 
over the past 11 years, and at its lowest production in 
2024 (CBS, 2025). Currently, both world market value 
and production of asparagus are increasing, and despite 
a decline in Dutch cultivation, most of the country’s 
local asparagus production is still destined for external 
markets. Almost 60% of the total 14.5 million kg pro-
duced in 2023 was exported, valued at US$68.22 million 
(CBS, 2025; World Integrated Trade Solution, 2025).

Fusarium crown and root rot pose a significant 
threat to asparagus production, both in The Nether-
lands and elsewhere. The disease is caused by diverse 
species of Fusarium or related fusarioid taxa, and is 
characterized by vascular discolourations with typical 
red-brown elliptical lesions affecting asparagus root sys-
tems, and sometimes extending to the crowns. Aspara-
gus plants can be infected through various routes, 
including root, root tip, or stem wounds, and insect 
transmission, such as by the asparagus miner (Ophio-
myia simplex, Agromyzidae, Diptera) (Elmer, 2015), 
while seed contamination can occur during harvesting 
when seeds are washed with water contaminated with 
diseased host tissues (Block and Bollen, 1995). Plants 
can be affected at any growth stage, although disease 
symptoms are more commonly observed in established 
fields (Elmer et al., 1997; Elmer, 2015). The disease leads 
to stunted ferns with a gradual decline in productiv-
ity, and plants show progressive yellow discolourations, 
followed by necroses and stem death (Elmer, 2015; 
Aegerter et al., 2016). Due to a lack of effective coun-
termeasures, preventive measures are the only avail-
able option for disease management. However, finding 
pathogen-free substrates for asparagus cultivation is 
challenging due to the biology of the fungal pathogens, 
being able to persist in the soil for decades by produc-
ing highly resistant and resilient propagules (Block and 
Bollen, 1995). Wind-blown pathogen infested soil, rain 
splash, soil movement and contamination of tools and 
machinery can easily spread the disease and compro-
mise neighbouring fields or glasshouses (Block and Bol-
len, 1995). Presence of the fungi in seeds and crowns 
can also spread the disease to distant localities (Corpas-
Hervias et al., 2006; Elmer, 2015).

Fungal species traditionally associated with fusari-
um root rot of asparagus include Fusarium acuminatum, 
F. annulatum, F. oxysporum (F. oxysporum f. sp. aspar-
agi), and F. redolens (F. redolens f. sp. asparagi), with F. 
redolens also commonly associated with spear rot, and 
Neocosmospora solani (F. solani); while F. culmorum 
often causes stem base and crown rot (Van Bakel and 
Krom-Kerstens, 1974; Baayen et al., 2000; Corpas-Hervi-
as et al., 2006; Borrego-Benjumea et al., 2014; Elmer, 
2015). All these species are soil-borne, cosmopolitan, and 
plant pathogenic, and are known to occur in The Neth-
erlands. However, not all these species have been associ-
ated with asparagus disease in this country. 

Recent advances in the taxonomy of Fusarium and 
related taxa, particularly in F. oxysporum and Neocos-
mospora, suggest that a larger number of pathogenic 
species could be involved as asparagus pathogens (Lom-
bard et al., 2019; Sandoval-Denis et al., 2019; Crous et 
al., 2022). This is due to the known genotype diversity 
of relevant formae speciales (Baayen et al., 2000; Corpas-
Hervias et al., 2006; Elmer, 2015).

This present study aimed to identify and report 
fusarioid fungal species associated with root-rot of cul-
tivated and wild A. officinalis in The Netherlands, and 
to determine the ability of these fungi to cause disease 
under controlled laboratory conditions.

MATERIALS AND METHODS

Specimen collection

Asparagus plants and adjacent soil samples were col-
lected from 38 asparagus fields in Limburg, The Nether-
lands. Wild asparagus plants, soils and rhizosphere sam-
ples were also collected from the Berkheide dune area, 
Hollandse Duinen National Park, Wassenaar, South 
Holland (Table 1). Additionally, 123 fusarioid isolates 
were obtained from working collections of two laborato-
ries belonging to Bejo Zaden B.V. (Warmenhuizen, The 
Netherlands). These isolates were from numerous Aspar-
agus spp. tissues, including 44 isolates originating from 
Asparagus spp. seeds (Supplementary Table S1). Plant 
material and soils were deposited in sterile plastic bags 
and maintained at 10 °C until processing.

Fungal isolations

Plant material was washed thoroughly under run-
ning tap water to remove any soil remnants. Different 
plant tissues (i.e., crowns, roots, or stems) were pro-
cessed independently. Seeds and fragments (ca. 5 × 5 
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mm) of symptomatic and asymptomatic tissues were 
excised, surface-sterilized by immersion in 10% sodium 
hypochlorite solution for 1 min, followed by immer-
sion in 70% ethanol for 30 s, and rinsing three times 
in sterilised distilled water. Tissue fragments were then 
dried using sterilised paper towels, and up to five frag-
ments were aseptically distributed on medium surfaces 

of 9 cm diam. Petri dishes containing different culture 
media, including: Malt Extract agar (MEA; Crous et al., 
2019), MEA amended with 2% chloramphenicol (MEA 
+ CAF), Synthetic Nutrient Poor agar (SNA; Nirenberg, 
1976), and Pentachloronitrobenzene agar (PCNB; Crous 
et al., 2021). Plates were incubated at room temperature 
(approx. 24 °C) in darkness, checked daily for fungal 

Table 1. Origins and characteristics of sampled Asparagus officinalis plants.

Plant Location Variety Plant age (years) Origin of the variety

1 Limburg, Kessel Backlim 3 Netherlands, Limseeds B.V.
2 Limburg, Kessel Backlim 3 Netherlands, Limseeds B.V.
3 Limburg, Kessel Grolim 3 Netherlands, Limseeds B.V.
4 Limburg, Kessel Grolim 3 Netherlands, Limseeds B.V.
5 Limburg, Kessel Grolim 3 Netherlands, Limseeds B.V.
6 Limburg, Kessel Canticus 3 Netherlands, Bejo Zaden B.V.
7 Limburg, Kessel Cumulus 3 Netherlands, Bejo Zaden B.V.
8 Limburg, Kessel Cygnus 3 Netherlands, Bejo Zaden B.V.
9 Limburg, Kessel Gynlim 3 Netherlands, Limseeds B.V.
10 Limburg, Kessel Inbred breeding cross 3 Netherlands, Bejo Zaden B.V.
11 Limburg, Kessel Inbred breeding cross 3 Netherlands, Bejo Zaden B.V.
12 Limburg, Kessel Inbred breeding cross 3 Netherlands, Bejo Zaden B.V.
13 Limburg, Kessel Grolim 3 Netherlands, Limseeds B.V.
14 Limburg, Kessel Guelph Millenium 3 Canada, University of Guelph
15 Limburg, Kessel Herkolim 3 Netherlands, Limseeds B.V.
16 Limburg, Kessel Inbred breeding cross 3 Netherlands, Bejo Zaden B.V.
17 Limburg, Kessel Inbred breeding cross 3 Netherlands, Bejo Zaden B.V.
18 Limburg, Kessel Inbred breeding cross 2 Netherlands, Bejo Zaden B.V.
19 Limburg, Kessel Prius 2 Netherlands, Bejo Zaden B.V.
20 Limburg, Kessel Roem van Brunswijk 2 Germany
21 Limburg, Kessel Schneekopf 2 Germany
22 Limburg, Kessel Inbred breeding cross 2 Netherlands, Bejo Zaden B.V.
23 Limburg, Kessel Interspecific cross 1 Netherlands, Bejo Zaden B.V.
24 Limburg, Kessel Interspecific cross 1 Netherlands, Bejo Zaden B.V.
25 Limburg, Kessel Interspecific cross 1 Netherlands, Bejo Zaden B.V.
26 Limburg, Kessel Interspecific cross 1 Netherlands, Bejo Zaden B.V.
27 Limburg, Kessel Cygnus Unknown Netherlands, Bejo Zaden B.V.
28 Limburg, Kessel Cygnus Unknown Netherlands, Bejo Zaden B.V.
29 Limburg, Kessel Inbred breeding cross 2 Netherlands, Bejo Zaden B.V.
30 South Holland, Berkheide Wild Unknown Not applicable
31 South Holland, Berkheide Wild Unknown Not applicable
32 South Holland, Berkheide Wild Unknown Not applicable
33 South Holland, Berkheide Wild Unknown Not applicable
34 Limburg, Kessel Prius 8 Netherlands, Bejo Zaden B.V.
35 Limburg, Kessel Bacchus 8 Netherlands, Bejo Zaden B.V.
36 Limburg, Kessel Gynlim 8 Netherlands, Bejo Zaden B.V.
37 Limburg, Kessel Backlim 8 Netherlands, Bejo Zaden B.V.
38 Limburg, Kessel Grolim 8 Netherlands, Bejo Zaden B.V.
39 Limburg, Kessel Cumulus 8 Netherlands, Bejo Zaden B.V.
40 Limburg, Kessel Erasmus 8 Netherlands, Bejo Zaden B.V.
41 Limburg, Kessel Cygnus 8 Netherlands, Bejo Zaden B.V.
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growth, and single conidium cultures were obtained by 
transferring individual germinating conidia onto Oat-
meal agar plates (OA; Crous et al., 2019) with the aid 
of low magnification microscopy. Soil and rhizosphere 
samples were processed with a modification of the pro-
tocol of Groenewald et al. (2018). Samples were asepti-
cally sieved to remove any plant remains and other large 
debris, and were deposited in open 9 cm diam. Petri 
dishes and were then left to dry under a laminar flow 
cabinet. One g of dry soil was then serially diluted from 
10-2 to 10-4 in water containing 0.5 g L-1 agarose, and 1 
mL of each dilution was spread over the surface of solid 
MEA + CAF or PCNB agar in Petri plates. The plates 
were then incubated and single conidium isolations were 
carried out as described above.

Fungal identifications

All isolates were subjected to total DNA extraction, 
using the Wizard® Genomic DNA Purification Kit (Pro-
mega), following the manufacturer’s instructions, from 
mycelium scraped from colonies grown on MEA for 3 
to 5 d at 24 °C in darkness. Fragments of two genomic 
regions, the translation elongation factor 1-alpha (tef1) 
and the DNA-directed RNA polymerase II second larg-
est subunit (rpb2), were then PCR amplified using the 
primer pairs EF-1/EF-2 (O’Donnell et al., 1998) and 
RPB2-5f2/fRPB2-7cr (Liu et al., 1999), using the PCR 
protocols according to Crous et al. (2021). Amplicons 
were sequenced in both directions using the prim-
ers indicated above on a Hitachi 3730xl DNA analyser 
(Applied Biosystems Inc.). Consensus sequences were 
assembled from forward and reverse sequences using 
Geneious Prime v. 2023.2.1 (Biomatters Inc.). Sequences 
generated in this study were deposited in GenBank (Sup-
plementary Table S1).

Sequences from each locus newly generated in the 
present study, as well as type and reference sequence 
data retrieved from Fusarioid-ID (www.fusarium.org) 
and GenBank (Supplementary Table S2), were aligned 
using MAFFT v. 7 (Katoh and Standley, 2013) Multiple 
Sequence Alignment (MSA) as provided by the EMBL’s 
European Bioinformatics Institute website (www.ebi.
ac.uk/jdispatcher/msa/mafft), were exported and manu-
ally corrected in MEGA v. 6.06 (Tamura et al., 2013), 
and individual loci datasets were combined using 
SequenceMatrix v. 1.9 (Vaidya et al., 2011).

Phylogenetic analyses were carried out using Max-
imum-Likelihood (ML) and Bayesian (BI) algorithms. 
For ML, RAxML-HPC2 was used on XSEDE v. 8.2.12 
(Stamatakis, 2006) as implemented in the CIPRES Sci-
ence Gateway (Miller et al., 2010), and additional cal-

culations were made using IQ-TREE multicore v. 2.1.2 
COVID-edition (Minh et al., 2020). For RAxML runs, 
the default best-fit model (General Time Reversible) 
and parameters were retained, and branch support was 
calculated using 1,000 non-parametric bootstrap infer-
ences. Evolutionary models for IQ-TREE were calcu-
lated for each partition according to the TESTNEW 
option of ModelFinder (Kalyaanamoorthy et al., 2017) 
as implemented in IQ-TREE, and branch support was 
estimated with 1,000 replicates of ultrafast bootstrap 
approximation (UFBoot; Hoang et al., 2018). For BI, 
evolutionary models were calculated for each gene par-
tition in MrModelTest v. 2.3 (Posada and Crandall, 
1998; Nylander, 2004), selected according to the Akaike 
information criterion. The BI analyses were set up on 
MrBayes v. 3.2.7a (Ronquist et al., 2012) as implemented 
in the CIPRES Science Gateway, and included 5 M gen-
erations with the stop-rule option on, including four 
incrementally heated MCMC chains. Trees were sam-
pled every 1,000 generations and runs were checked 
for convergence by average standard deviation of split 
frequencies below 0.01. Consensus trees (50%) and pos-
terior probabilities (PP) were calculated after discard-
ing 25% of the initial samples as the burn-in fraction. 
Alignments, phylogenetic trees and supplementary data 
were deposited in www.figshare.com (doi: https://doi.
org/10.6084/m9.figshare.33269964).

Pathogenicity testing

To test Koch’s Postulates, an in vitro method was 
developed by adapting and optimizing the protocols of 
Blok and Bollen (1995), Wong and Jeffries (2006), Cor-
pas-Hervias et al. (2006) and Borrego-Benjumea et al. 
(2014). Seeds of Asparagus officinalis “Cumulus F1” (Bejo 
Zaden B.V.) were surface sterilized by immersion in a 
solution of 5% sodium hypochlorite and 0.05% Tween 20 
for 1 min under constant agitation, followed by five rins-
es in abundant sterilized distilled water. The sterilized 
seeds were then aseptically placed in moisture chambers, 
and incubated at 27 °C in darkness, and were checked 
daily for 7 to 8 d until a 2 to 5 mm long radicle from 
each seed was visible. Once germinated, the seeds were 
placed onto 2.2 g L-1 Murashige and Skoog agar (MS; 
Sigma-Aldrich) amended with 5 g L-1 sucrose, with 8 mL 
of MS per glass test tube (18 mm diam.). Plantlets were 
then incubated for 1 to 2 weeks under a day/night cycle 
(23 °C for 16 h under cool fluorescent light, followed by 
18 °C for 8 h in darkness) until root systems and 3 to 
4 cm long shoots had developed. These plants were then 
inoculated by transferring an agar plug (ca. 5 × 5 mm 
from an OA plate containing a 7 to 14-d-old, well-spor-

http://www.fusarium.org
http://www.ebi.ac.uk/jdispatcher/msa/mafft
http://www.ebi.ac.uk/jdispatcher/msa/mafft
http://www.figshare.com
https://doi.org/10.6084/m9.figshare.33269964
https://doi.org/10.6084/m9.figshare.33269964
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ulated fungal culture, incubated at 24 °C under constant 
near UV light (nUV), located on the agar surface), near 
the base of the roots. Quantification experiments showed 
that this inoculum was equivalent to 1 × 105 conidia 
mL-1. Challenged plants were then incubated for up to 21 
d in a day/light cycle (as indicated above). Five replicates 
(plants) were used for each fungal isolate. Control plants 
were inoculated with sterile OA plugs. Presence/absence 
and extent of root lesions were observed daily, and 
pathogenicity was scored according to observed symp-
tom severity as: 0 (absence of symptoms), 1 = browning 
of roots without evident lesions; 2 = presence of few (< 
10) discernible lesions on primary roots, with restricted 
secondary roots; 3 = abundant (> 10) lesions on primary 
roots, with severely restricted secondary roots; and 4 = 
plant death. Severity scores were used to calculate the 
disease incidence (I = [N affected plants/N plants exam-
ined] × 100) and disease severity index (DSI = [sum of 
numerical ratings/(N examined plants × maximum pos-
sible grade)] × 100). To exclude duplicate isolates from 
the pathogenicity experiments and to avoid data repeti-
tion, a selection of 487 unique fusarioid isolates was car-
ried out by comparing the isolate origin and tef1 haplo-
types of all strains where this information was available.

Pathogenicity results were statistically analysed 
using one-way ANOVA, followed by Student ś t-test 
assuming equal variances, with Bonferroni ś correction 
for multiple comparisons, using the data analysis module 
in MS Excel v. 2019. Adjusted P values (Padj) are shown 
after each comparison in Results (below). Graphs were 
made using the same software and coloured using Adobe 
Illustrator v. 30.0.

RESULTS

Samples and fungal isolation

Plant material and soil samples were obtained from 
38 cultivated fields in Limburg, plus one location where 
wild A. officinalis naturally occurs (Table 1). A total of 41 
plants were dug and processed, corresponding to 13 dif-
ferent commercial asparagus varieties (Bacchus, Backlim, 
Canticus, Cumulus, Cygnus, Erasmus, Grolim, Guelph 
Millenium, Gynlim, Herkolim, Prius, Roem van Brun-
swijk, and Schneekopf), seven breeding crosses, four 
interspecific crosses, and wild A. officinalis plants. The 
age of the sampled plants varied from 1- to 8-years-old 
for cultivated fields while for wild asparagus it was unde-
termined. A total of 551 fungal isolates were obtained 
belonging to the fusarioid genera Fusarium or Neocos-
mospora. Exclusion of identical isolates from one origin 
based on tef1 haplotypes resulted in 487 unique isolates.

Fusarioid fungi were recovered from every type of 
sample studied. Most fusarioid isolates were obtained 
from asparagus tissues (380; 68.9%), including: from 
roots (243 isolates; 44%), crowns (55; 10%), seeds (44; 
8%), seedlings (32; 6%), or from stems (six; 1%). Soil 
(112 isolates; 20.3%) and rhizosphere (59 isolates; 10.7%) 
accounted for a third of the total number of fungal 
strains (Table 2).

Twenty species were identified based on molecular 
data, 17 of which belonged to seven Fusarium species 
complexes (SC), namely: F. celtidicola in the Fusarium 
celtidicola SC (FCCSC); F. annulatum in the F. fujikuroi 
SC (FFSC); F. clavus, F. equiseti and F. flagelliforme in 
the F. incarnatum-equiseti SC (FIESC); F. carminascens, 
F. cugenangense, F. inflexum, F. nirenbergiae, F. odor-
atissimum, F. oxysporum and F. vanleeuwenii in the F. 
oxysporum SC (FOSC); F. redolens in the F. redolens SC 
(FRSC), F. culmorum in the F. sambucinum SC (FSAM-
SC), F. acuminatum, F. avenaceum and F. flocciferum in 
the F. tricinctum SC (FTSC); and three species in the 
genus Neocosmospora (formerly the F. solani SC; N. geo-
asparagicola, N. solani and N. stercicola) (Figure 1, Table 
2). The most prevalent species was Fusarium nirenber-
giae (34%), which was also the only species found in all 
the sample types, and was the most prevalent species 
from every origin except from seeds or soil. The second 
most prevalent species was Fusarium redolens (23%), 
being the predominant species in soil and the second 
most common fusarioid species in roots. This fungus 
was recovered with less frequency from rhizospheres, 
crown tissues, and seedlings, but was not recovered from 
seeds or stems. The third most prevalent species, Fusar-
ium annulatum (15%), was the most common fusarioid 
fungus isolated from seeds (95% of the total isolations 
from seeds), but was also found in every other sample 
type except from stems. This species was one of the most 
common isolates found in plant tissues and soils from 
cultivated asparagus in this study, but was not found 
associated with asparagus in the wild environment. 
The fourth and fifth most isolated species were Neocos-
mospora solani and Fusarium culmorum, comprising, 
respectively, 7.6% and 4% of the total isolations. These 
two fungi were mostly isolated from roots and soil (N. 
solani), and seedlings (F. culmorum).

Less commonly isolated species included: F. carmin-
ascens (19 isolates), N. stercicola (16 isolates), F. avenace-
um (10 isolates), F. vanleeuwenii (eight isolates), N. geoas-
paragicola (seven isolates), F. acuminatum and F. flagel-
liforme (six isolates each), F. inflexum (three isolates), F. 
clavus, F. odoratissimum and F. oxysporum (two isolates 
each), and F. cugenangense, F. equiseti, F. celtidicola and 
F. flocciferum (one isolate each) (Table 2).
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Pathogenicity testing

In vitro pathogenicity testing of 487 unique isolates 
showed that a majority (408; 84%) could induce lesions on 
asparagus seedling roots and crowns. Disease incidence 
(% of affected replicates) ranged from 20 to 100%, with 
43% (209 isolates) inducing lesions in all five plant repli-
cates. The degree of root damage was, in general, highly 
variable, with most challenges resulting in either absence 
of root lesions (severity score 0; 35% of isolates) or great 
compromise of the entire root system resulting in plant 
death (severity score 4; 33.3% of isolates). Intermediate 
severity scores (1 to 3) were observed in, respectively, 6, 
12.8 or 12.6% of the total assays (Figures 2 and 3).

Among the most prevalent fungal species in the 
dataset, 99% of isolates of F. annulatum, 95% of F. cul-
morum, 92% of F. redolens, 89% of F. nirenbergiae, and 
67% of N. solani induced symptoms in asparagus plant-
lets, affecting either root or crown tissue alone, or as 
combinations of both. According to calculated I and DSI 
indices, the two most pathogenic and aggressive species 
were F. culmorum (I = 78%; DSI = 64%) and F. annu-
latum (I = 67%; DSI = 55%) (Figure 2). Seventy-seven 
percent of all in vitro asparagus inoculations with F. cul-
morum, and 37% of inoculations with F. annulatum, led 

to plant death at the end of the trial, in both cases most-
ly due to effects on the host plant crowns, with mini-
mal presence or absence of root lesions. No statistically 
significant differences in pathogenicity were observed 
between these two species. However, both species were 
associated to significantly more aggressive disease in 
vitro than most of the common asparagus pathogens 
tested here, including F. redolens. This species (I = 74%; 
DSI = 44%) differed significantly from F. annulatum in 
both incidence (Padj = 0.01) and disease severity (Padj = 
1.89 × 10⁻⁸). Incidence of F. redolens was comparable to 
that of F. culmorum (Padj = 0.59), although disease sever-
ity was significantly less (Padj = 3.03 × 10⁻⁷). Fusarium 
nirenbergiae (I = 69%; DSI = 44%) did not differ from 
F. redolens in either parameter, and showed greater inci-
dence than F. annulatum (Padj = 1.59 × 10⁻⁴), but not 
than F. culmorum (Padj = 0.26). Disease severity was sig-
nificantly lower in F. nirenbergiae than that from F. redo-
lens (Padj = 6.72 × 10⁻⁹) or from F. annulatum (Padj = 6.96 
× 10⁻⁷). Neocosmospora solani caused the least disease 
incidence and severity (I = 28%; DSI = 18%), differing 
significantly from all the other fungi mentioned above 
in both parameters (Padj ≤ 3.86 × 10⁻⁵ for incidence, ≤ 
1.22 × 10⁻²¹ for disease severity). Less represented species 
induced varied levels of disease, among which F. oxyspo-

Table 2. Origins of fusarioid fungal isolates, according to asparagus plant or soil sample type.

Fungus name
Origin (number of isolates)

Crown Rhizosphere Root Seed Seedling Soil Stem Total

Fusarium acuminatum 2 4 6
Fusarium annulatum 10 10 20 42 1 3 86
Fusarium avenaceum 1 2 4 3 10
Fusarium carminascens 3 9 7 19
Fusarium celtidicola 1 1
Fusarium clavus 2 2
Fusarium cugenangense 1 0 1
Fusarium culmorum 3 2 2 10 3 1 21
Fusarium equiseti 1 1
Fusarium flagelliforme 1 3 2 6
Fusarium flocciferum 1 1
Fusarium inflexum 3 3
Fusarium nirenbergiae 27 22 97 1 10 28 4 189
Fusarium odoratissimum 2 2
Fusarium oxysporum 1 1 2
Fusarium redolens 5 11 78 1 33 128
Fusarium vanleeuwenii 1 4 1 2 8
Neocosmospora geoasparagicola 7 7
Neocosmospora solani 2 7 17 16 42
Neocosmospora stercicola 3 1 5 7 16
Total 55 59 243 44 32 112 6 551
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Figure 1. Maximum Likelihood (IQ-TREE) phylogram inferred from combined rpb2 and tef1 datasets of representative isolates of Fusari-
um and Neocosmospora, plus 551 fungal isolates obtained from asparagus tissues and soils. Numbers at nodes indicate support values (IQ-
TREE-BS / BI-PP / RAxML-BS) greater than 70 % (BS) and 0.95 (PP). Thickened branches indicate full support (BS = 100, PP = 1). The 
tree is rooted to Bisifusarium dimerum CBS 108944 and B. nectrioides CBS 176.31. Due to the abundance of strains, clades representing 
F. annulatum, F. culmorum, F. nirenbergiae, F. redolens and N. solani were collapsed to facilitate display. Culture collection abbreviations 
are listed in Supplementary Table S2. Ex-epitype, ex-neotype or ex-type strains are indicated by, respectively, ET, NT or T. Fusarium spe-
cies complexes (SC) are abbreviated as: FCCSC = F. celtidicola SC, FFSC = F. fujikuroi SC, FIESC = F. incarnatum-equiseti SC, FOSC = F. 
oxysporum SC, FRSC = F. redolens SC, FSAMSC = F. sambucinum SC, and FTSC = F. tricinctum SC.
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Figure 2. a: Calculated mean Disease Severity Indices (DSI%) and incidences (I%) per species, for fungal taxa ordered according to their 
indices, from high (left) to low (right). Lines above bars indicate standard deviations. b: Observed symptom severity scores per species, as: 
0 = no symptoms, 1 = browning of roots, without evident lesions; 2 = few discernible lesions on primary roots, with restricted secondary 
roots; 3 = abundant lesions on primary roots, with severely restricted secondary roots; 4 = plant death. Fungal species are ordered alpha-
betically from left to right.
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Figure 3. Asparagus lesions attributed to fusarioid species. a, b: naturally occurring crown lesions on cultivated Asparagus officinalis. c, d: 
typical root lesions on a cultivated plant (c) and a wild plant (d). e: experimental setup showing diverse symptoms on infected A. officinalis 
plantlets. f: detail of different degrees of root symptoms on infected A. officinalis plantlets.
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rum and other members of the FOSC (i.e., F. carmina-
scens, F. vanleeuwenii, F. cugenangense), and F. equiseti 
from the Fusarium incarnatum-equiseti species com-
plex (FIESC) caused high incidences (I = 56 to 100%). 
Despite its low isolation frequency (two isolates), Fusar-
ium oxysporum also showed high aggressiveness (DSI = 
72%, and causing 87% plant death with extensive crown 
symptoms, but without root lesions). However, these 
observations are not statistically supported, due to the 
limited number of isolates in this dataset. Fusarium ave-
naceum (belonging to the Fusarium tricinctum species 
complex, FTSC) gave relatively low disease incidence (I 
= 22%), and did not attack the asparagus root systems. 
This fungus, however, was an aggressive crown patho-
gen (DSI = 42%), with 37% of inoculations leading to 
plant death. Isolates of F. acuminatum, N. stercicola and 
N. geoasparagicola were only associated with mild root 
and crown symptoms (I ≤ 16%; DSI ≤ 6%). None of the 
F. celtidicola, F. clavus, F. flocciferum, F. inflexum, or F. 
odoratissimum isolates induced symptoms on inoculated 
asparagus seedlings.

A subset of 37 isolates (N. solani n = 13, N. stercicola 
n = 8, F. redolens n = 4, F. carminascens, F. flagelliforme 
and F. nirenbergiae each n = 3 each, F. annulatum n = 4, 
and F. culmorum n = 1) was associated with enhanced 
asparagus growth in the bioassays, producing taller, 
thicker and greener stalks than the inoculation controls. 
This phenotype was constant between repetitions and 
had no apparent association with fungal species or strain 
origin (see isolate details in Table S1).

DISCUSSION

Twenty species of Fusarium and Neocosmospora 
were isolated from Asparagus officinalis tissues and asso-
ciated soils, and were identified by using multilocus phy-
logenetic analysis, and their pathogenicity was assessed 
using an in vitro system. The present study is the most 
extensive in terms of fusarioid diversity to have been 
carried out on asparagus.

Fusarium nirenbergiae was the most frequently 
encountered species in this dataset, and until recently 
was an unnamed phylogenetic lineage, hidden within a 
too comprehensive concept of F. oxysporum sensu lato (s. 
l.) (Snyder and Hansen 1940). After its formal descrip-
tion (Lombard et al. 2019), F. nirenbergiae has emerged 
as a ubiquitous species in the FOSC (Crous et al. 2021, 
Wang et al. 2022, Han et al. 2023). Nevertheless, its host 
range and pathogenicity, including against A. officinalis, 
remains to be determined and contrasted against his-
torical data for F. oxysporum s. l. Previous studies on 

the prevalence of fusarioid asparagus pathogens in The 
Netherlands date from the 1990s, and were based on 
old taxonomic concepts (Blok and Bollen, 1995; Baayen 
et al., 2000). Similarly, modern studies from asparagus 
producing countries, although based on molecular data, 
have often relied on outdated Fusarium taxonomy. This 
is of particular relevance when assessing the most preva-
lent asparagus pathogens, most of which have recently 
undergone important taxonomic changes (Lombard et 
al., 2015, 2019; Sandoval-Denis et al., 2019; Crous et al., 
2021). Nevertheless, as observed here, the distribution 
of the most common species is, in general, congruent 
with previous reports in The Netherlands and elsewhere 
(Block and Bollen, 1995; Elmer et al., 1997; Wong and 
Jeffries, 2006; Farr et al., 2023; Buitrago-Acosta et al., 
2025). However, and contrary to previous indications, 
F. oxysporum was not the most commonly associated 
species on cultivated asparagus and was found on one 
crown and one root sample in the present study.

Previous knowledge about asparagus-related F. 
oxysporum is, without exception, based on old species 
concepts. The name F. oxysporum s. l. has traditionally 
and erroneously been employed as a wild card to classify 
a genetically diverse group of different species with very 
similar phenotypes (O’Donnell et al., 2004; Lombard et 
al., 2019; McTaggart et al., 2021), therefore perpetuating 
the incorrect application of the name F. oxysporum. Con-
versely, the widespread availability of sequence data has 
recently accelerated species descriptions within FOSC, 
occasionally resulting in the recognition of poorly delim-
ited or taxonomically redundant taxa that complicate 
identification and the interpretation of phylogenetic anal-
yses (Lombard et al., 2019; Tan and Conroy, 2024; Tan 
and Shivas, 2024). Such taxa were therefore not adopt-
ed in the identification of isolates in the present study. 
However, isolates potentially assignable to these entities 
and their phylogenetic relationships are documented in 
the extended phylogenetic analysis available in FigShare 
(doi:10.6084/m9.figshare.33269964). The alternative clas-
sification of this group of pathogens according to the f. 
sp. nomenclature (e.g., F. oxysporum f. sp. asparagi, Cohen 
and Heald (1941)) has resulted in a similar problem since 
they do not cluster in monophyletic groups, when com-
pared to formal taxonomic ranks, grouping different enti-
ties here demonstrated to be different species. Most of 
these species have only recently been formally described, 
and were shown in the present study to induce asparagus 
disease (Lombard et al., 2019). As demonstrated here, the 
traditional concepts of F. oxysporum s. l. and F. oxyspo-
rum f. sp. asparagi encompass a series of distinct species 
(F. nirenbergiae, F. carminascens, F. cugenangense, F. van-
leeuwenii, F. inflexum, F. odoratissimum, and F. oxyspo-
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rum sensu stricto [s. st.]), all belonging to the FOSC and 
virtually indistinguishable morphologically. The rele-
vance of the reassessment of Fusarium taxonomy is high-
lighted by the markedly different levels of pathogenicity 
of these fungi towards A. officinalis.

Fusarium redolens, the second most prevalent spe-
cies in the present study, was for a long time treated 
either as a synonym or a variety of F. oxysporum (Sny-
der and Hansen, 1940; Gordon, 1952; Bilai, 1955; Block 
and Bollen, 1995; Baayen et al., 2000). This species is 
a recognized asparagus pathogen commonly isolated 
from fields in Western and Northern Europe, includ-
ing The Netherlands (Baayen et al., 2000; Schroers et 
al., 2004; Wong and Jeffries, 2006), and North America 
(Vujanovic et al., 2006; Borrego-Benjumea et al., 2014). 
Similarly, the third most isolated species in this series, 
F. annulatum, is also a documented asparagus pathogen 
with broad distribution that includes Argentina (Lori 
et al., 1998), Australia and New Zealand (Elmer et al., 
1997), Canada, and the United States of America (Elmer, 
1990; Baayen et al., 2000; Vujanovic et al., 2006; Borre-
go-Benjumea et al., 2014), Japan (Nahiyan et al., 2011), 
The Netherlands (Baayen et al., 2000), South Africa 
(Schreuder et al., 1995), Spain (Wong and Jeffries, 2006) 
and the United Kingdom (Wong and Jeffries, 2006). 

Fusarium annulatum has often been erroneously 
reported as F. proliferatum, due to the confusing taxo-
nomic history of these two species. These two taxa, both 
segregates of F. moniliforme s. l. (Seifert et al., 2003) and 
previously considered synonyms, are now confined to 
two genealogically exclusive clades, of which the one 
representing the widely distributed and well-recognised 
plant pathogenic species is now assigned to F. annu-
latum (Yilmaz et al., 2021). Despite being a cosmopoli-
tan species, only one report has mentioned isolation of 
F. annulatum (as F. proliferatum) from asparagus fields 
in The Netherlands (Baayen et al., 2000;), with no clear 
indication of its origin. The apparent absence of this spe-
cies from Dutch soils was probably due to low soil tem-
peratures, because this species is more commonly iso-
lated in warm regions, and does not survive well in soils 
without plant hosts (Block and Bollen, 1996). This spe-
cies was one of the most commonly found in the present 
study in plant tissues and soils from cultivated aspara-
gus, but was not found associated with asparagus in the 
wild environments, suggesting introduction and spread 
through agricultural practices, or indicating a level of 
environmental adaptation.

The fourth most isolated species, N. solani, is com-
monly associated with soil-borne root diseases of sev-
eral hosts (Sandoval-Denis et al., 2019), including A. 
officinalis, with reports from Brazil (Mendes et al., 1998), 

Europe, including the United Kingdom, The Neth-
erlands, and Spain (Block and Bollen, 1996; Corpas-
Hervias et al., 2006; Wong and Jeffries, 2006; Brizuela 
et al., 2020), Malaysia (Chehri et al., 2014), Canada and 
the United States of America (Damicone and Manning, 
1985; Borrego-Benjumea et al., 2014), and South Africa 
(Schreuder et al., 1995). However, this species was non- 
to weakly aggressive to asparagus in the present study. 
Neocosmospora (previously the Fusarium solani SC) is 
another example of radical taxonomic change, particu-
larly the segregation of this group to a separate genus 
based on molecular and morphological evidence (Lom-
bard et al., 2015; Sandoval-Denis et al., 2019), and the 
epitypification and confinement of its historically most 
notorious species N. solani to a discrete phylogenetic 
lineage (Schroers et al., 2016). The name N. solani is no 
longer applicable to cover multiple phylogenetic entities 
(Snyder and Hansen, 1941).

Contrary to all the species discussed above, there is 
a broad taxonomic consensus regarding F. culmorum, 
the fifth most commonly isolated species in the present 
study. This species is a notable asparagus pathogen with 
wide distribution including Brazil (Mendes et al., 1998), 
China (Tai, 1979; Zhuang, 2005), Europe, including Italy 
(Richardson, 1990), The Netherlands (Block and Bollen, 
1996), Spain (Brizuela et al., 2020) and the United King-
dom (Wong and Jeffries, 2006); and New Zealand (Pen-
nycook, 1989).

While the above-mentioned species were approx. 
85% of the total isolations in the present study, the 
remaining 15% of isolations were a heterogeneous 
assemblage of species with reduced isolation frequencies, 
from which only three taxa (F. acuminatum, F. equi-
seti, and F. oxysporum s. st.) are previously known from 
Asparagus spp. (Elmer et al., 1997; Vujanovic et al., 2006; 
Brizuela et al., 2020). The remaining 12 species (i.e., F. 
avenaceum, F. carminascens, F. celtidicola, F. clavus, F. 
cugenangense, F. flagelliforme, F. flocciferum, F. inflexum, 
F. odoratissimum, F. vanleeuwenii, N. geoasparagicola, 
and N. stercicola) are here reported for the first time in 
association with cultivated A. officinalis. In addition, a 
species novel to science, N. geoasparagicola, was discov-
ered during this study, and has since been published 
elsewhere (Crous et al., 2022). This species was found 
only in soil samples from five cultivated fields; associated 
with five asparagus cultivars (Cygnus, Grolim, Guelph-
Millenium, Schneekopf, plus an unidentified cultivar). 
It was recovered from asparagus-associated soils in two 
independent occasions separated by almost 2 years, and 
has since also been isolated from other types of soil in 
Limburg and Noord-Brabant (ARISE project, Westerdijk 
Fungal Biodiversity Institute, personal communication).
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Verifications of Koch’s postulates in this study largely 
agree with previous reports. However, the pathogenicity 
assays conducted in this study were designed as an ini-
tial screening, to identify potentially pathogenic Fusar-
ium species under strictly controlled conditions. Conse-
quently, the present results should be interpreted as evi-
dence of pathogenic potential, while further validation 
under more representative cultivation conditions (mature 
asparagus plants under greenhouse or field conditions) 
remains warranted. Apart from slight regional evidence 
variations, pathogenicity data tend to allocate Fusari-
um species as the most relevant in terms of pathogenic-
ity and virulence against asparagus (Elmer et al., 1997; 
Wong and Jeffries, 2006; Nahiyan et al., 2011; Borrego-
Benjumea et al., 2014; Brizuela et al., 2020). However, as 
previously noted by Blok and Bollen (1995), the present 
study experimental set up could have overestimated the 
virulence of F. culmorum. Though in this dataset F. cul-
morum was isolated from every type of sample except 
asparagus seeds, unlike other species tested here, F. cul-
morum has been typically associated with stem base 
lesions leading to plant death (Van Bakel and Krom-Ker-
stens, 1974; Blok and Bollen, 1995). Due to the thin stem 
bases of young asparagus plants, and the inoculation 
method employed, these plant tissues are easy targets for 
this pathogen, which can quickly kill plantlets.

This is the first report of F. avenaceum from A. offici-
nalis, However, this fungus has been reported in asso-
ciation with Puccinia ranulipes on Asparagus laricinus 
in South Africa (Doidge, 1950; Farr et al., 2023). Here 
this species was shown to induce moderate root symp-
toms on asparagus seedlings, yet when plant crowns 
were impacted, it can lead to plant death in vitro. Nev-
ertheless, its behaviour under field conditions remains 
to be tested. Previous reports have shown moderate 
aggressiveness of F. acuminatum (Borrego-Benjumea 
et al., 2014) or no pathogenicity (Brizuela et al., 2020) 
against asparagus in vitro, which coincides with the 
present study observations. However, this species is a 
known plant root pathogen, and has a host range includ-
ing Asparagaceae (Ophiopogon japonicus) (Tang et al., 
2021). Conversely, none of the isolates of F. celtidicola, 
F. clavus, F. flocciferum, F. inflexum, or F. odoratissimum 
induced symptoms on inoculated asparagus. While none 
of the latter species have been previously reported from 
Asparagus spp., and are probably non-pathogenic, F. 
flocciferum, F. inflexum and F. odoratissimum are well-
known pathogens of several plant species, particularly in 
Fabaceae, Musaceae and Poaceae (Farr et al., 2023).

Thirty-seven isolates belonging to seven Fusarium 
species (i.e., F. redolens [four isolates]), F. carminascens, 
F. flagelliforme and F. nirenbergiae [three isolates each], F. 

annulatum [two isolates]; and F. culmorum [one isolate], 
and particularly to two Neocosmospora species (i.e., N. 
solani [13 isolates], and N. stercicola [eight isolates]) were 
associated with improved plant growth in the present 
study bioassays. These isolates induced much taller, thick-
er and greener asparagus stalks compared to the controls, 
irrespective of the presence of root lesions on infected 
plants, which was a paradoxical phenomenon that seemed 
to not respond to any particular fungal species or iso-
late origin (data not shown). These experiments were not 
designed to test for beneficial effects of fungi, so further 
research will be required to confirm this effect, determine 
its magnitude, and consider underlying mechanisms.

CONCLUSIONS

The aetiology of asparagus fusarium disease is more 
complex than previously thought, with several species 
reported here as potential pathogens. Some of these 
species, despite being internationally ubiquitous, and 
known from several host species, are here reported for 
the first time from asparagus. Given the abilities of these 
fungi to induce asparagus disease in vitro, their impor-
tance for international asparagus global industries needs 
to be studied further. Several taxa recovered from lesions 
can also be isolated from healthy (or apparently healthy) 
asparagus plants, and several isolates obtained from 
healthy plants were able to induce symptoms in the in 
vitro assays. This demonstrates the plasticity and variety 
of adaptations known for fusarioid species (Ulaszewski 
et al., 2025), the complexity of host-fungal interactions, 
and the role of stochastic processes in the occurrence of 
disease. Furthermore, the presentation of asparagus dis-
ease is also known to vary in response to abiotic factors, 
which were not assessed here, while in vitro pathogenic-
ity testing can be highly influenced by the age of the 
tested host plants (Elmer, 2015; Brizuela et al., 2020).

In terms of fungal diversity and despite limited sam-
pling, this study has identified the greatest number of 
species isolated and tested for pathogenicity against A. 
officinalis. This diversity reflects improved species iden-
tification due to refined Fusarium taxonomy (Crous et 
al., 2021), and explains the differences in pathogenicity 
observed here with respect to traditionally encountered 
taxa (F. oxysporum s. l.). Re-evaluations of pathogen dis-
tribution and virulence, according to modern techniques 
and updated taxonomic concepts and classifications, 
will lead to increased understanding of species biology, 
which is fundamental for designing specific disease con-
trol measures, managing quarantine, and interpreting 
research data.
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