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Short Notes

Metagenomic analysis reveals the presence of 
prunus virus I in diseased Clematis vitalba: first 
record of this virus in Italy

Giuseppe PARRELLA*, Elisa TROIANO, Anna MIGNANO

Institute for Sustainable Plant Protection of the National Research Council (IPSP-CNR), 
Piazzale Enrico Fermi 1 – 80055 Portici (NA), Italy
*Corresponding author. giuseppe.parrella@ipsp.cnr.it

Summary. Prunus virus I (PrVI) was detected for the first time in Clematis vitalba 
in Italy using high-throughput sequencing and the complete genome of this isolate, 
named Clv-1, was assembled and characterized. The results of the bioinformatic analy-
ses were further validated with RT-PCR assays using PrVI-specific primers and Sanger 
dideoxy sequencing. The Clv-1 genome included three RNA segments of nucleotide 
lengths of 3468 (RNA1), 2892 (RNA2) and 2225 (RNA3), with five predicted open 
reading frames. Phylogenetic analyses showed close relationships with other PrVI 
isolates from different geographical origins, including European and non-European 
countries. This new pathogen record extends the information on the geographical dis-
tribution of PrVI, and possibly reflects the international movement of infected clema-
tis germplasm due to global trade. Further surveys on the presence and distribution 
of PrVI in weeds and crops, such as the two PrVI hosts sweet cherry and peach, are 
required in the countries where PrVI has been detected.

Keywords. PrVI, Bromoviridae, Clematis spp., high-throughput sequencing, emerging 
viruses.

INTRODUCTION

Clematis is a genus of perennial, chiefly climbing shrubs of Ranuncol-
aceae, with 386 accepted species that are widely distributed, mainly in Asia 
and North America (POWO, 2023). Most Clematis spp. are cultivated for their 
attractive flowers, and more than 3000 cultivars have been obtained through 
breeding programmes (Mitrofanova et al., 2021). The native European species, 
Clematis vitalba L., is a fast-growing climbing shrub which is often found 
in the vicinity of vineyards and orchards. It is considered a weed, and it can 
harbour many phytopathogens, including “flavescence dorée” phytoplasmas, 
which are often non-pathogenic for this plant (Angelini et al., 2004). Approxi-
mately 11 different viruses have been reported to infect clematis plants. These 
viruses belong to: (i) Bromoviridae, including cucumber mosaic virus (CMV), 
tobacco streak virus (TSV), apple mosaic virus (ApMV) and prunus virus I 
(PrVI); (ii) Virgaviridae, including tobacco rattle virus (TRV); (iii) Secoviridae, 
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including tomato black ring virus (TBRV) and tomato 
ringspot virus (ToRSV); (iv) Tombusviridae, including 
tomato bushy stunt virus (TBSV), clematis chlorotic mot-
tle virus (ClCMV) and Moroccan pepper virus (MPV); 
and (v) Tospoviridae, tomato spotted wilt virus (TSWV) 
(Mitrofanova et al., 2018; Salamom et al., 2023).

In the winter of 2023, C. vitalba plants showing pre-
viously undescribed symptomatology (Figure 1), were 
observed in a public garden in Assisi (PG), Umbria prov-
ince, Central Italy (N 43.068927; E 12.61576). The pres-
ence of PrVI was detected in virome analyses of C. vital-
ba plants, using high-throughput sequencing (HTS) and 
Sanger sequencing. The whole genome sequence of PrVI 
was obtained and compared with PrVI isolates previous-
ly reported from other countries.

MATERIALS AND METHODS

Plant material, HTS and bioinformatic analysis

Total RNAs were isolated from leaf tissues of the 
sample Clv-1 (Figure 1) using the Viral Gene-spinTM 
Viral DNA/RNA Extraction Kit (iNtRON Biotechnol-
ogy, Inc., Seongnam, South Korea), following the manu-
facturer’s instructions. The RNA purity, concentration 
and integrity were determined by NanoDrop™ 2000 
(NanoDrop). Ribosomal RNAs were depleted using a 
TruSeq RNA Sample Prep Kit, and the remaining RNAs 
were used for construction of RNA-seq libraries, which 
were sequenced on an Illumina Novaseq 6000 platform 
with paired-end reads length of 150 bp. Quality con-
trol on the sequencing data was performed with the 
software FastQC (v. 0.11.5; https://www.bioinformatics.
babraham.ac.uk/projects/fastqc), then low quality bases 
and adapters were removed with the software BBDuk 
in the BBTools (v. 36; http://jgi.doe.gov/data-and-tools/
software-tools/bbtools) package setting a minimum read 
quality of 25 and minimum read length of 35 bp. Tax-
onomic profiling of the reads were made with the soft-
ware GAIA (v. 2.02; Paytuví et al., 2019), which compare 
the reads against the databases Sila 132 (to identify ribo-
somal sequences) and NCBInr (to identify viral sequenc-
es). The resulting filtered reads were used to assemble the 
viral genome by using the algorithms Metaspades and 
RNAViral implemented in SPAdes (v. 3.15.3; Bankevich 
et al., 2012). BLASTn/BLASTx analysis of the contigs 
were carried out against local and online databases.

Validation of HTS data

Total RNAs extracted from the sample Clv-1 was 
used in RT-PCR, using virus-specific primers and sub-

sequent Sanger sequencing of the amplicons to confirm 
the presence of the virus identified by HTS. Virus-
specific primers were designed according to the contig 
sequences of the target virus obtained in this study (Sup-
plementary Table 1).

The complete viral genomic sequence was obtained 
from sequence assemblies of the amplicons generated 
from, respectively, RT-PCR and 5’-3’-RACE reactions 
(2nd generation 5’/3’ RACE kit; Roche). RT-PCR was 
conducted according to the manufacturer’s protocol 
(ImProm-IITM Reverse Transcription System, Prome-
ga). The 25 μL RT-PCR reaction contained 2 μL of total 
RNAs, 0.5 μL of each primer (50 pmol μL-1), 12.5 μL of 
2× Master Mix, 0.5 μL of Enzyme Mix and 9 μL of dis-
tilled water. The thermal cycling conditions were: one 
cycle of reverse transcription at 42°C for 90 min, one 
cycle of denaturation at 94°C for 2 min, followed by 35 
cycles of amplification at 94°C for 45 s, 52°C for 1 min 
and 72°C for 2 min, and a final cycle of 72°C for 10 min.

Based on the nucleotide sequences that were 
obtained, specific primers (Supplementary Table 1) were 
redesigned to amplify fragments of the 5’-upstream 
and 3’-downstream regions, corresponding to each seg-
mented genome by 5’ and 3’-RACE (rapid amplification 
of cDNA ends), as described by Parrella and Troiano 
(2022). Amplicons of the expected sizes were direct-
ly sequenced in both directions at Microsynth Seqlab 
GmbH (Göttingen, Germany).

In addition, total RNAs extracted from five other 
symptomatic C. vitalba plants and one asymptomatic C. 
vitalba plant, from the vicinity of Clv-1, were assessed in 
RT-PCR assays for the presence of the virus identified in 
Clv-1, using PrV-CP1/PrV-CP2 primers (Supplementary 
Table 1) following the protocol described above.

Figure 1. Symptoms in natural Clematis vitalba (A), and vein band-
ing and pinpoint necrotic spot symptoms on a C. vitalba leaflet (B).

https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://jgi.doe.gov/data-and-tools/software-tools/bbtools
http://jgi.doe.gov/data-and-tools/software-tools/bbtools
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Phylogenetic analyses

Multiple sequence alignments were conducted using 
MUSCLE (Edgar, 2004) implemented in MEGA11. Phy-
logenetic trees were constructed using the best fit model 
for each alignment, using the maximum likelihood (ML) 
method in the MEGA11 (Tamura et al., 2021) with 500 
bootstrap replicates. The trees were drawn to scale, with 
branch lengths measured in the number of substitutions 
per site.

RESULTS AND DISCUSSION

HTS of the Clv-1 sample yielded 25,409,477 raw 
reads. Using the results of the taxonomic classifica-
tion, the trimmed reads were parsed to keep only those 
classified as “viral” or which were completely unclassi-
fied (i.e., 9,246,969 reads). Of the total trimmed reads, 
0.068% were mapped on ilarvirus RNA1, 0.055% on 
ilavirus RNA2 and 0.095% on ilarvirus RNA3. These 
reads were used to perform viral genome assembly with 
the two algorithms implemented in the Spades pro-
gram. Two sets of filtered contigs were obtained: 4,661 
contigs with the algorithms implemented in Metas-
pades, and 4,920 contigs with algorithms implemented 
in viral RNA.

BLASTx search showed presence of contigs with the 
greatest amino acid (aa) sequence identities (99-81%) to 
PrVI (Ilarvirus, Bromoviridae). Three contigs showing 
the greatest nucleotide identities with the PrVI genome 
were identified by BLASTn. These contigs represented 
almost full-length genomic sequences of the correspond-
ing viruses. No other viral contigs belonging to other 
viruses were generated by HTS library. Based on the 
PrVI mapped contig sequences, primers were designed 
for each of the three RNAs (Supplementary Table 1). RT-
PCR using these primers targeting the three different 
putative viral RNAs amplified products of the expected 
sizes (Figure 2). Sequences obtained from these ampli-
cons were identical to the corresponding genome regions 
sequenced by HTS, confirming presence of PrVI in the 
C. vitalba plant. After verifying the sequences at the 5’ 
and 3’ ends, the sequences of the three genomic ssRNA 
segments of the Clv-1 isolate consisted of 3468 nucleo-
tides (nt) for RNA1, 2892 nt for RNA2, and 2225 nt for 
RNA3. These sequences were deposited in GenBank with 
the accession numbers OR502867 (RNA1), OR602868 
(RNA2) and OR602869 (RNA3).

RNA1 contains a single ORF (1a) with the ATG 
codon at position 29 and ending with a TAG codon at 
position 3301. It encodes the 121 kDa viral replicase pro-
tein (p1), consisting of 1090 amino acids (aa). The pro-

tein shares 98.9–99.6% aa identity and 99.0% similarity 
with other PrVI isolates in GenBank.

RNA2 is bicistronic with the two ORFs overlapping 
by 272 nt. The first ORF at the 5’ end of RNA2 encodes 
the viral polymerase protein of 807 aa (p2a) with a pre-
dicted molecular mass of 92 kDa. The second ORF 
encodes a 205 aa protein (p2b) involved in cell-to-cell 
movement and posttranscriptional gene silencing, with 
a predicted molecular mass of 22 kDa. The p2a pro-
tein shares 98.2–98.6% aa identity and 98–99% similar-
ity, while the p2b protein shares 95.6-99.5% identity and 
98–99% similarity with other PrVI isolates in GenBank.

RNA3 contains two ORFs. The ORF 3a encodes 
the movement protein (MP) of 300 aa (p3a), and has an 
estimated molecular mass of 32 kDa. The p3a protein 
has 96.0–99.0% identity and 97–100% similarity with 
the movement proteins of other PVrI isolates. The ORF 
3b encodes the coat protein (CP) of 217 aa long protein 
(p3b) and has a predicted molecular mass of 24 kDa. The 
p3b protein shares 98.6–99.5% identity and 99–100% 
similarity with the coat protein of other PrVI isolates.

The expected amplicons were obtained by RT-PCR 
with the primers Prv-CP1/PrV-CP2, using the RNAs 
extracted from five other C. vitalba plants showing simi-
lar symptoms of Clv-1, while no reaction product was 
obtained with RNA extracted from asymptomatic plants. 
Sanger sequencing on these amplicons revealed 100% 
identity among these sequences and with Clv-1 sequence 
obtained by HTS. These results may indicate a com-
mon origin of the infection among the different clema-
tis plants tested, and a possible role in the spread of the 
virus by vegetatively propagated infected host material.

Maximum likelihood-based phylogenetic analyses 
of the three RNAs, performed with MEGA 11 under the 
best fit substitution models, always placed Clv-1 in the 

Figure 2. Agarose gel electrophoresis of the RT-PCR products 
obtained with the primers designed on the PrVI RNA1 (PrV-R1F/
PrV-R1R), RNA2 (PrV-R2F/PrV-F2R), and RNA3 (PrV-R3F/PrV-
R3R) (Supplementary Table 1). M = 100 bp ladder, - = negative 
control (healthy plant), + = RNA extracted from the infected Clem-
atis vitalba plant.
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same comparable well-supported clade for each RNA, 
comprising the recognized PrVI isolates within subgroup 
I in Ilarvirus. These results were confirmed by a high 
bootstrap value in all instances (Figure 3). In particular, 
for phylogenetic reconstruction based on RNA2, two well 
supported sub-clades were generated, with the Clv-1 iso-
late grouping with the two PrVI isolates from C. vitalba: 
isolate Clem identified in Russia and isolate Pl622, iden-
tified in Slovakia. The isolate c18 from Picris echioides 
(identified in Slovenia) was the most divergent, and was 
placed outside the clades of the PrVI isolates in all the 
three phylogenetic reconstructions, supported by 100% 
bootstrap values on each corresponding node (Figure 3).

The advances in sequencing metagenomic analysis 
have led to the discovery of new viruses, allowing the 
detection and prevention of emerging viruses. Using 
HTS analysis, PrVI was first described on asymptomatic 
sweet cherry (Prunus avium) in Greece (Orfanidou et 
al., 2021), but was subsequently identified in the weed 
plant P. echioides (Rivarez et al., 2022) and repeatedly in 
Clematis spp. plants, mainly in Eastern Europe, includ-
ing Hungary, Slovenia, Slovakia, Croatia and Russia 
(Chirkov et al., 2022; Rivarez et al., 2022; Salamon et al., 
2023).

The recent discovery of PrVI in Italy described 
in the present study, although associated with differ-
ent symptoms in C. vitalba plants from those described 
on the same host by previous authors (Chirkov et al., 
2022; Salamon et al., 2023), confirms that this plant is 
an important natural host for this virus. Since PrVI was 

only recently described, it is not clear what is its diffu-
sion in nature or its impacts on cultivated plants. In 
addition, accidental dispersion of infected propagative 
material of Clematis cannot be excluded. This could 
explain the recent findings of PrVI on Clematis in dif-
ferent European countries in a short period. For these 
reasons, the development of an effective, sensitive and 
specific PrVI diagnostic method is required, which can 
be used in extensive monitoring in the areas where PrVI 
was recently described. Wild and cultivated plants, par-
ticularly stone fruit crops, should be assessed for PrVI 
infections.
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Summary. Ficus carica is one of the most ancient cultivated crops, and is grown 
mainly in the Mediterranean region. In Austria, due to milder winters and longer 
warm periods than normal, figs are becoming more productive and popular among 
private growers. For future propagation of some fig varieties, the phytosanitary status 
of eight fig accessions, representing four Austrian genotypes maintained in a varietal 
collection plot, was investigated using PCR assays for presence of eight fig-infecting 
viruses. The four fig trees were infected with fig mosaic virus (FMV), fig badnavirus 1 
(FBV-1), fig leaf mottle-associated virus 1 (FLMaV-1), fig mild mottle-associated virus 
(FMMaV) and fig fleck-associated virus (FFkaV); whereas fig leaf mottle-associated 
virus 2 (FLMaV-2), fig latent virus 1 (FLV-1) and fig cryptic virus 1 (FCV-1) were not 
detected. The sequences of PCR amplicons obtained from different viruses and samples 
showed greatest nucleotide variability of 0.5% for FBV-1, 12% for FLMaV-1, 16.3% for 
FMV, 14% for FMMaV, and 15% for FFkaV, when compared to their homologues in 
GenBank. A phylogenetic tree for FMV constructed based on partial RNA1 sequenc-
es showed that the Austrian isolates were most closely related to previously described 
Spanish and Greek isolates. The different symptoms observed in the tested trees were 
mainly in similar to with those reported for FMV, the agent of fig mosaic disease. This 
is the first report on the presence of fig mosaic-associated viruses in Austria.

Keywords. Fig, mosaic disease, viruses, detection, phylogenetic analyses.

INTRODUCTION

Fig (Ficus carica L.) is an ancient domesticated crop, grown since ca. 
11000 years BP in the lower Jordan Valley (Kislev et al., 2006). Fig orchards 
are mainly cultivated in the Mediterranean basin, in Algeria, Egypt, Tuni-
sia, Turkey, Iran, and Morocco (FAO, 2019). In southern Europe, fig trees 
are widespread due to the favourable climate, while in northern and central 
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Europe a few varieties withstand the low winter tem-
peratures. In Austria, due to changing climatic condi-
tions (milder winters and longer warm periods), figs are 
becoming popular and more productive among private 
growers.

Fig plants are normally resistant to many diseases, 
but they are propagated from cuttings and this facilitates 
the spread of virus and phytoplasma infections. Mosaic 
disease (MD) is a major disorder affecting figs in the 
wild environments, and this disease was first described 
in California by Condit (1933). Trees affected by MD 
show leaf symptoms including chlorotic spots, mottling, 
mosaic patterns, necroses, and deformation (Elbeaino, 
2022). To date, 13 viruses associated with MD have been 
identified, of which only fig mosaic virus (FMV) has 
been was confirmed as an etiologic agent by fulfilment 
of Koch postulates (Elbeaino, 2022). Phytoplasma and 
viroid infections have also been reported from fig hosts 
(Alsaheli et al., 2020; Elbeaino, 2022).

The present study investigated the presence of 
viruses in eight fig accessions of four cultivars depos-
ited in a fig genotype collection plot, where the plants 
had symptoms of MD. These plants included two of the 
cultivar ‘Negronne’, three of ‘Pastilière’, two of ‘Riv-
ers Brown Turkey’, and one plant designated as ‘Laim-
er’. ‘Negronne’, also known as mulberry fig, is a sum-
mer and autumn twice-bearing variety that is native to 
France, which has shiny and glossy leaves of variable 
shape on each tree, varying from completely unlobed 
to deeply incised with five lobes. This give the plants 
an attractive appearance, and winter hardiness down 
to -16°C. ‘Pastilière’ is the best fig variety for fresh con-

sumption, and is also native to France with comparable 
winter hardiness. ‘Rivers Brown Turkey’ is a summer 
and autumn fig native to England, and is a winter har-
dy variety able to tolerate temperatures as low as -19°C 
(Seiler, 2022). ‘Laimer’ is a garden fig of unknown origin.

MATERIALS AND METHODS

Source of plant material and extraction of total nucleic 
acids

Eight fig accessions representing four genotypes 
(Table 1) were surveyed in spring and autumn 2022. 
Leaf samples were collected from symptomatic plants 
in both seasons (Figure 1). In addition, leaves from two 
Italian fig cultivars (‘Marangiana Bianca’ and ‘Figazzano 
Incognita’) infected with five viruses (FLMaV-1, FMMaV, 
FMV, FBV-1 and FFkaV) were provided by the Universi-
ty of Bari (Dr A. Minafra), and these were used as posi-
tive controls in the molecular assays. Total nucleic acids 
(DNA and RNA) were extracted from 100 mg samples of 
leaf vein tissues excised from symptomatic and asymp-
tomatic leaves, using DNeasy Plant Pro Kit and RNeasy 
Plant Mini Kit (Qiagen).

RT-PCR and PCR assays

Reverse-Transcription Polymerase Chain Reac-
tion assays (RT-PCR) were each carried out on 100 ng 
of TNA, using the Qiagen One-Step RT-PCR kit (Qia-
gen) according to the manufacturers’ instructions, and 

Table 1. List of fig viruses and their corresponding specific primers used in PCR\RT-PCR assays.

Virus Primer Primer sequences (5’–3’) Amplicon (bp) Reference

FLMaV-1 N17-s
N17-a

CGTGGCTGATGCAAAGTTTA
GTTAACGCATGCTTCCATGA 350 Elbeaino et al. (2006)

FLMaV-2 F3-s
F3-a

GAACAGTGCCTATCAGTTTGATTTG
TCCCACCTCCTGCGAAGCTAGAGAA 360 Elbeaino et al. (2007)

FMMaV LM3-s
LM3-a

AAGGGGAATCTACAAGGGTCG
TATTACGCGCTTGAGGATTGC 311 Elbeaino et al. (2010)

FLV-1 CPtr-s
CPtr-a

CCATCTTCACCACACAAATGTC
CAATCTTCTTGGCCTCCATAAG 389 Gattoni et al. (2009)

FMV E5-s
E5-a

CGGTAGCAAATGGAATGAAA
AACACTGTTTTTGCGATTGG 302 Elbeaino et al. (2009)

FFkaV D8-s
D8-a

TCAATCCCAAGGAGGTGAAG
ACACGGTCAATGAGGGAGTC 270 Elbeaino et al. (2011b)

FCV-1 R1-s
R1-a

TCGGATTGTCTTTGGAGAGG
CGCATCCACAGTATCCCATT 353 Elbeaino et al. (2011a)

FBV-1  1094F
1567R

ACCAGACGGAGGGAAGAAAT
TCCTTGCCATCGGTTATCTC 474 Laney et al. (2012)
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the specific primer pairs for each of eight fig-infecting 
viruses (Table 1). The one-step RT-PCR reaction was 
performed at 50°C for 30 min, 95°C for 15 min, followed 
by 40 cycles each at 94°C for 30 sec, 55°C for 30 sec, and 
72°C for 1 min, and a final extension step at 72°C for 10 
min. PCR products were analyzed by agarose gel elec-
trophoresis. FBV-1 detection was carried out with PCR, 
using HotStarTaq Master Mix (Qiagen), and the reac-
tions were carried out at 94°C for 2 min, followed by 35 
cycles of 94°C for 30 sec, 55°C for 20 sec, and 72°C for 
30 sec, and 10 min extension.

Sequence and phylogenetic analyses

PCR amplicons were sequenced bi-directionally 
using the sense and antisense primers specific to each 
virus (Eurofins Genomics and Microsynth AG). Mul-
tiple alignments of nucleotide sequences were made 
using Geneious Prime v.2023.1.1. Searches for homolo-
gies with nucleotides were conducted with the Blastn 
program (Altschul et al., 1990). A phylogenetic tree for 
Austrian FMV isolates (Figure 2) was constructed using 

the NJPLOT package in Geneious Prime v.2023.1.1. The 
Neighbor-Joining algorithm, with p-distance method 
and bootstrap of 1000 replicates were used. European 
mountain ash ringspot-associated emaravirus (EMARaV, 
acc.no: NC 013105) was used as the outgroup species to 
root the tree. 

RESULTS AND DISCUSSION

Detection of fig viruses

Based on the PCR and RT-PCR results, the viruses 
FLMaV-1, FMMaV, FMV, FBV-1 and FFkaV, were detect-
ed in the analyzed fig samples. All four fig genotypes 
were infected with at least three of these viruses. Of the 
viruses analyzed, FBV-1 and FLMaV-1 were the most 
prevalent, followed by FMV (Table 2). FLMaV-2, FLV-1 
and FCV-1 were not detected in any of the samples. The 
analyses carried out in the two seasons were gave the 
same results, and these are summarized in Table 2.

At sequence levels, PCR amplicons generated 
from three fig genotypes infected with FBV-1 were 
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Figure 1. Leaves of Austrian fig plants of the cultivars ‘Pastilière’ (a and e), ‘Rivers Brown Turkey’ (b and f), ‘Negronne’ (c and g), and ‘Laim-
er’ (d, h), displaying typical MD leaf symptoms during Autumn 2022 (a to d) and Spring 2023 (e to h). The symptoms consisted of lobe 
deformations (a and e); vein clearing and mosaic (b and f), and leaf deformations (c and g); and leaf puckering and ringspots (d and h).

http://acc.no:
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sequenced. This yielded three different sequences in the 
cultivars ‘Negronne’ (Acc. no. OR553220), ‘Pastilière’ 
(Acc. no. OR553221), ‘Rivers Brown Turkey’ (Acc. no. 
OR553222) that shared 99.2 to 99.7% identity. In the 
Blastn analysis they showed 99.7 to 100% identity with 
isolate Podg2015 (Acc. no. MG584625) from Montene-

gro, and isolate HF19 (Acc. no. KY473907) from Bosnia 
and Herzegovina.

The four fig genotypes were infected with FLMaV-1, 
and sequencing of PCR amplicons of the genotypes ‘Pas-
tilière’ and ‘Rivers Brown Turkey’ yielded two sequences 
(Acc. nos. OR553223 and OR553224) that shared 91.4% 
nucleotides identity. Blastn analysis showed the greatest 
identity (respectively, 95.1 and 95.4%) with isolates MF39 
(Acc. no. KU198387) and HF43 (Acc. no. KU198382) 
from Bosnia and Herzegovina.

FMV was detected in the four fig genotypes, and the 
isolates shared 100% nucleotide identity with each other 
(Acc. no. OR553219). Blastn analysis showed the great-
est nucleotide identity (respectively, 91 and 92%) with 
isolates Agnontas (Acc. no. KM235191) from Greece and 
GRA12-1 (Acc. no. KC914281) from Spain.

PCR results showed that FMMaV was present in the 
fig genotypes ‘River Brown Turkey’ and ‘Laimer’. Pairwise 
sequence comparisons of PCR amplicons showed 90.6% 
of identity, whereas with those of from GenBank they 
showed greatest identities (respectively, 95.7 and 92.5%) 
with isolate MAZ-1 (Acc. no. MG242131) from Iran, and 
isolate Cas-12.2 (Acc. no. KC914283) from Spain.

FFkaV was found in two fig genotypes, and Blast 
analysis of the two sequences (Acc. nos. OR553225 and 
OR553226) showed 90.5 and 89.7% nucleotide identities 
with isolate N17 (Acc. no. NC_015229) from Italy; and 
there was 91.2% identity between them.

Mosaic-disease on figs

All the fig accessions examined in two different sea-
sons over 2 years showed consistent MD leaf symptoms 
induced by FMV. These mainly consisted of vein clear-
ing and mottling, ringspots, leaf deformation and mosa-
ic (Figure 1). The symptoms observed and the infections 
found in the three commercial fig accessions tested con-
firmed the etiology of FMV with MD. Repeated testing 
did not detect FMV in the fourth assessed fig accession.

Phylogenetic analysis of FMV

Due to the importance of FMV as a fig pathogen, 
a phylogenetic tree was constructed based on the FMV 
sequences obtained and those retrieved from the Gen-
Bank from different origins. FMV isolates have been 
designated in seven clades based on their geographical 
origins, with some exceptions. The Austrian isolate was 
allocated to clade 1, together with homologues from 
Spain, Greece and Turkey, whereas clade 2 groups virus 
isolates from Serbia and clade 3 groups those from Rus-

Figure 2. Phylogenetic tree generated from the nucleotide sequence 
alignment of partial RNA-dependent RNA polymerase genes 
(RNA1) of FMV isolates from Austria (boxed), and from virus 
sequences reported in GenBank, using the NJPLOT method imple-
mented in ‘Geneious Prime’ program. GenBank accession numbers 
of the sequences used are reported in parentheses. European moun-
tain ash ringspot-associated emaravirus (EMARaV) was used as 
the outgroup species. Bootstrap values >50% are shown at branch 
points (1000 replicates). Branch lengths represent bootstrap values. 
Bar represents 0.01 changes per site. Bootstrap values less than 50% 
were dropped. The numerals 1 to 7 are number of clades.
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sia. Clade 4 includes isolates from the Mediterranean 
basin (Algeria, France, Greece, Italy, Lebanon, Tuni-
sia), and clade 5 includes isolates from the Balkan area 
(Montenegro and Bosnia & Herzegovina). Clades 6 and 
7, similarly grouped with Mediterranean isolates, with 
some exceptions.

CONCLUSIONS

The present study is the first to record the pres-
ence of five viruses (FLMaV-1, FMMaV, FMV, FBV-1 
and FFkaV) in different FMD-associated fig accessions 
in Austria. FLMaV-2, FLV-1 and FCV-1 were not not 
be detected in the host plants assessed. The presence of 
FMV in three of four genotypes is not surprising given 
the cosmopolitan nature of this virus. The phylogenetic 
analysis conducted on the set of FMV isolates reported 
in GenBank showed distinct distribution of FMV iso-
lates according to their geographical origins, with some 
exceptions. These exceptions are probably due to infec-
tions by FMV isolates different from those naturally 
indigenous to a specific area, thus breaking the rule of 
geographic origin of FMV. The presence of FBV-1 in all 
the assessed fig accessions represent a major challenge 
in attempts to produce virus-free fig planting material. 
The results obtained in this study could be useful for 
further monitoring and diagnosis of fig viruses in Aus-
trian plantations. Further investigations of these viruses, 
in different plots, varieties, and locations, are ongoing in 
Austria, to support a future certification programme for 
fig in this country.
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Complete genome assemblies of several Xylella 
fastidiosa subspecies multiplex strains reveals 
high phage content and novel plasmids
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Summary. The Gram-negative bacterium Xylella fastidiosa (Xf) was originally found in 
the Americas, but has now been identified in more than 20 countries across America, 
Asia, and Europe. This plant pathogen is currently listed as a priority pest in Europe 
due to its socio-economic and ecological impacts. Within the three Xf subspecies fas-
tidiosa, multiplex and pauca, subsp. multiplex displays a notably wider range of host 
plants than the other two subspecies. Comparative genomics may allow determination 
of how Xf subsp. multiplex adapts to new and diverse hosts and environments, so it is 
important that more genomes of this subspecies are defined. Twelve complete closed 
genomes sequences of Xf subsp. multiplex were obtained using a hybrid assembly 
approach combining Illumina and Oxford Nanopore technologies. The combined use 
of Canu and Unicycler assemblers enabled identification and closure of several plas-
mid sequences with high similarity to other plasmids described in strains of Xf subsp. 
fastidiosa and subsp. pauca. The analysis also revealed prophage sequences and contigs 
outside the chromosomes, annotated as phages. These new genomes, in conjunction 
with those existing in GenBank, will facilitate exploration of the evolutionary dynamics 
of Xf subsp. multiplex, its host adaptation mechanisms, and the potential emergence of 
novel strains of this important plant pathogen.

Keywords. Hybrid assembly, prophages, quarantine phytopathogen.

INTRODUCTION

Xylella fastidiosa is a fastidious, Gram-negative, xylem-limited bacterium 
in the Xanthomonadaceae, which is a major transcontinental plant health 
threat, with serious socioeconomic impacts. The bacterium causes diseas-
es on a wide range of agricultural crops, ornamental and landscape plants, 
and plants with cultural and heritage values (EFSA et al., 2023). This Gram-
negative bacterium affects many plant species, leading to symptoms such as 
leaf scorching, wilting, decline, and complete canopy death. Some important 

http://www.fupress.com/pm
https://doi.org/10.36253/phyto-14931
https://doi.org/10.36253/phyto-14931
https://doi.org/10.36253/phyto-14931
http://www.fupress.com/pm
https://orcid.org/0000-0001-7176-0435
https://orcid.org/0000-0003-4861-8064
https://orcid.org/0000-0002-9511-3731
mailto:blanca.landa@ias.csic.es


16 María Pilar Velasco-Amo et alii

diseases caused by X. fastidiosa include Pierce’s Disease 
(PD) of grapevine, Citrus Variegated Chlorosis (CVC), 
Almond Leaf Scorch (ALS), and Olive Quick Decline 
Syndrome (OQDS) (EFSA et al., 2023). This bacterium 
can also severely impact urban trees (Sherald et al., 
1987; Harris et al., 2014; Desprez-Loustau et al., 2021), 
and plants within natural environments (Denancé et al., 
2017). The range of hosts susceptible to X. fastidiosa con-
tinues to expand, with over 690 plant species across 306 
genera and 88 families as hosts (EFSA et al., 2023).

Although X. fastidiosa has allopatric origins in the 
Americas (Almeida and Nunney, 2015; Vanhove et al., 
2019), its current distribution is now in more than 20 
countries in the Americas, Asia, and Europe (EFSA et al., 
2023; EPPO, 2023). In Europe, X. fastidiosa emerged as 
an important pathogen in 2013, associated with a severe 
epidemic in olive trees in Italy. This epidemic, associated 
to OQDS, is ongoing, causing the loss of hundreds of 
olive trees annually. European territories have witnessed 
other X. fastidiosa outbreaks impacting mainly native 
plant species in natural environments and ornamentals 
in France and Portugal, while Spain has faced epidem-
ics mainly affecting almonds and grapes (Velasco-Amo et 
al., 2022; EFSA et al., 2023). Sánchez et al. (2019) ranked 
X. fastidiosa amongst first priority pests for the Europe-
an Union (EU) when considering economic, social, and 
environmental domains. These authors estimated, in a 
scenario where X. fastidiosa would spread extensively 
across Europe, that potential annual costs would exceed 
€5.5 billion. This accounted for potential losses in the 
olive, almond, citrus, and grape sectors, reflecting the 
substantial economic impacts that this pathogen could 
cause (Sanchez et al., 2019).

Xylella fastidiosa is a genetically diverse bacterium 
that includes three main subspecies: subspp. fastidiosa, 
multiplex and pauca; although other subspecies have 
been proposed (Schaad et al., 2004; Schuenzel et al., 
2005; Denancé et al., 2019). These subspecies can be fur-
ther grouped below subspecies level into Sequence Types 
(ST), based on Multilocus Sequence Typing (MLST) 
analyses (Yuan et al., 2010). The subspecies multiplex has 
gained particular attention due to its ability to infect a 
diverse range of hosts, as a damaging and adaptable 
pathogen. Considering the EFSA list of confirmed X. 
fastidiosa hosts for which molecular-characterization 
typing approaches have been carried out to characterize 
subspecies, approx. 62% of the records were for plants 
infected by subsp. multiplex, while 17.1% subsp. fastidi-
osa and 16.6% by subsp. pauca (EFSA et al., 2023).

Complete genome sequences are important for 
describing the biology of plant pathogens, identifying 
virulence factors, and understanding genetic diversity, 

potential origins, and introductory pathways (Landa et 
al., 2019). Comparative genomics, facilitated by multi-
ple genomes of different strains and subspecies, offers a 
powerful means to explore the evolutionary dynamics of 
X. fastidiosa, its adaptation to new hosts, and the emer-
gence of novel strains (Potnis et al., 2019; Vanhove et al., 
2019; Castillo and Almeida, 2023).

Despite the advances made in X. fastidiosa genom-
ics, understanding of X. fastidiosa subsp. multiplex at 
the genomic level remains limited. Several genomes 
from other X. fastidiosa subspecies are available, but 
scarcity of complete genomes from multiplex restricts 
ability to comprehensively study the genetics, biology, 
and evolution of this pathogen. This underscores the 
urgent need for an expanded dataset of X. fastidiosa 
subsp. multiplex genomes.

The present study has provided the genome sequenc-
es of 12 strains of X. fastidiosa subsp. multiplex, from 
different host plants in different countries, and shows 
the significance of acquiring additional genomes of this 
subspecies as a critical step in advancing understanding 
of this versatile and destructive plant pathogen.

MATERIALS AND METHODS

Table 1 shows the 12 strains of X. fastidiosa subsp. 
multiplex sequenced in this study. These strains are 
deposited at the X. fastidiosa collection of the Institute 
for Sustainable Agriculture (IAS-CSIC), Córdoba, Spain. 
Strains XYL466/19, XYL468 and Santa29b belonging to 
the ST81 were isolated from leaf petioles of Olea euro-
paea var. sylvestris and Santolina chamaecyparissus on 
periwinkle wilt-modified (PW) (for XYL466/19 and 
XYL468) and PD2 (for Santa29b) solid media, follow-
ing the EPPO isolation procedures (EPPO, 2023). The 
remaining strains were provided by researchers from 
different laboratories, or were acquired at the CIRM-
CFBP collection of plant-pathogenic bacteria, INRAE, 
France (Table 1).

The strains were grown in PD2 solid medium at 
28˚C in the dark during 7 to 12 days (depending on the 
strain). Genomic DNA was extracted using the Quick 
DNA Fungal/Bacteria Miniprep kit (Zymo Research 
Group). The integrity of DNA was measured by gel elec-
trophoresis and concentrations were estimated using a 
spectrofluorometer (Qubit; Thermo Fisher Scientific).

Illumina sequencing libraries were prepared fol-
lowing manufacturer recommendations, and were 
sequenced using the platforms Hiseq 4000 at the Sta-
bVida sequencing facility, Caparica, Portugal (for 
strains XYL466/18 and XYL468), or iSeq 100 at the 
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IAS-CSIC facility (for strains CFBP8068, CFBP8070, 
CFBP8075, CFBP8173, and Santa29b). For the remain-
ing strains, Illumina data were retrieved from the 
Sequence Read Archive (SRA) database: Strains 
CFBP8417 (SRR8454254), CFBP8418 (SRR8454358), 
and XYL1966/18 (SRR11931336). Illumina reads were 
trimmed and filtered with the fastp tool v0.23.2 (Chen 
et al., 2018). Before the assembly process, resulting fastq 
files were analyzed with Krakren2 v2.1.2 (Wood et al., 
2019) using the PlusPFP v.6-5-2023 database (https://
benlangmead.github.io/aws-indexes/k2) to identify and 
remove any contamination from the reads that may have 
been introduced during the library preparation, and to 
only retain reads assigned to the X. fastidiosa taxon.

Oxford Nanopore Technologies (ONT) sequencing 
libraries were prepared by multiplexing, using the liga-
tion sequencing gDNA and Native barcoding kit SQK-
NBD114.24 or the VolTRAX Multiplex Kit VMK004 in 
the VolTRAX v0.21.0 system. These libraries were loaded 
in, respectively, R9.4.1 or R10.4.1 flow cells, in a MK1C 
v6.0.7 sequencing device. ONT sequencing reads were 
basecalled with Guppy v6.4.2, and were trimmed with 
Porechop v0.2.4 (Wick et al., 2017).

Long-read de novo genome assemblies were carried 
out using Canu v2.2. The draft genomes obtained were 
subsequently polished using the Illumina high-quality 
short-reads (Q > 25), first using Polypolish v0.5.0 (Wick 
and Holt, 2022), and then two rounds with POLCA 
v4.0.9 (Zimin and Salzberg, 2020). Two of the X. fastidi-
osa genomes required an additional step, which involved 

scaffolding and direction of contigs with a reference 
genome (strain IVIA5901 from X. fastidiosa subsp. mul-
tiplex). This was carried out using RagTag v2.1.0 (Alonge 
et al., 2022), and gap filling was then carried out using 
TGS-GapCloser 1.0.3 (Xu et al., 2020) with Racon 
v1.4.20. Final assemblies were annotated using the NCBI 
Prokaryotic Genome Annotation Pipeline (Tatusova et 
al., 2016) before submission to GenBank.

A phylogenetic analysis using a total of 111 X. fas-
tidiosa whole genomes belonging to subsp. multiplex 
was carried out including all the genomes available 
at the GenBank database (https://www.ncbi.nlm.nih.
gov/genome/browse/#!/prokaryotes/173/), in combina-
tion with the 12 complete genomes obtained in this 
study. The genomes were annotated with prokka v1.14.6 
(Seemann, 2014) with default parameters, and cod-
ing sequences (CDSs) were used to estimate the core 
genome with CoreCruncher using the MAFFT (Katoh 
and Standley, 2013) algorithm to build the core genome 
alignment. Following this, ambiguous sequences or 
poorly aligned regions were eliminated from the mul-
tiple sequence alignment using ClipKIT v 1.3. A maxi-
mum likelihood (ML) tree was then constructed with 
IQtree v2.2.0 using the GTR+I+G4 substitution model 
determined by ModelTest-NG c0.1.6 (Nguyen et al., 
2015; Darriba et al., 2020), and was plotted with ggtree 
v3.6.2 (Yu et al., 2017). Strain IVIA5235 of subsp. fas-
tidiosa was used as an outgroup. Tree topology was mid-
point rooted, and branch support was assessed using 
1,000 bootstrap replicates.

Table 1. Information related to the strains belonging to Xylella fastidiosa subspecies multiplex used in this study.

Strain Other names STa Host Geographical origin Isolation Year

CFBP8417 LSV 46.78 6 Spartium junceum France: Alata, Corsica 2015
CFBP8418 LSV 46.79 6 Spartium junceum France: Alata, Corsica 2015
CFBP8070 GA Plum LSV 40.38 10 Prunus sp. USA: Georgia 2004
CFBP8075 LSV 42.30 27 Prunus sp. USA: California unknown
CFBP8068 ATCC35873, 2687 ELM-1, LSV 00.54 41 Ulmus americana USA: Washington unknown

CFBP8173

LSV40.39, ICPB50039, Hopkins PL788, 
Wells2679, ATCC228771, ATCC35871, 
ICMP15199, ICMP8735, ICMP8746, 
LMG9063, Labo13350, Labo13352, 
Labo13355, NCPPB4431

41 Prunus salicina USA: Georgia unknown

Santa29b 81 Santolina chamaecyparissus Spain: Alcafar, Menorca 2022
XF3348 81 Prunus dulcis Spain: Binissalem, Mallorca 2018
XYL1752 81 Prunus dulcis Spain: Ciudatella, Menorca 2017
XYL1966/18 81 Olea europaea Spain: Ciudatella, Menorca 2018
XYL466/19 81 Olea europaea var. sylvestris Spain: Sant Llorenç, Mallorca 2019
XYL468 81 Olea europaea var. sylvestris Spain: Manacor, Mallorca 2019

a Sequence Type (ST) was determined by MLST analysis or by BLAST search of whole genome against the Xylella fastidiosa MLST database 
(https://pubmlst.org/xfastidiosa/; accessed on 02 November 2022).

https://benlangmead.github.io/aws-indexes/k2
https://benlangmead.github.io/aws-indexes/k2
https://www.ncbi.nlm.nih.gov/genome/browse/#!/prokaryotes/173/
https://www.ncbi.nlm.nih.gov/genome/browse/#!/prokaryotes/173/
https://pubmlst.org/xfastidiosa/
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RESULTS AND DISCUSSION

The hybrid sequencing and assembly approach 
allowed reconstruction and circularization of the com-
plete genomes of ten of the strains (Table 2). The genome 
of strains XYL466/18 and XYL468 resulted in scaffolds 
due to conflicting regions.

Three complete plasmids were identified and 
assembled in strain CFBP8070, designated as pXF-P1.
CFBP8070 (43,491 bp), pXF-P2.CFBP8070 (26,328 bp), 
and pXF-P3.CFBP8070 (1,286 bp) (Table 2). Johnson 
et  al. (2023) highlighted the challenges that long-read 
assemblers like Canu faced for detecting bacterial plas-
mids. To reconstruct and close the plasmids in the 
CFBP8070 strain, a combination of Canu and Unicycler 
assemblers was necessary. Results of BLASTN revealed 
similarities with previously-described plasmids. Plas-
mid pXF-P1.CFBP8070 exhibited a 96% similarity, cov-
ering less than 80% of the query, with plasmid pXF51ud 
from strain U24D, a member of subsp. pauca isolated 
from a citrus plant in Brazil (Pierry et al., 2020). Plas-
mid pXF-P2.CFBP8070 displayed 99% similarity, cov-
ering the entire query, with plasmid pXF26-Oak35874 
from strain Oak35874, belonging to subsp. multiplex and 
isolated from Quercus in Washington DC, United States 
of America (USA: O’Leary and Burbank, 2023). Plasmid 
pXF-P3.CFBP8070 showed 90% similarity with 99% cov-
erage to plasmid pUCLAb from strain UCLA, of subsp. 
fastidiosa isolated from grapevine in California, USA 
(Guilhabert et al., 2006).

The discovery of identical plasmids in distinct X. 
fastidiosa subspecies further supports the possibility of 
horizontal gene transfer (HGT) among bacterial strains 
(Rogers and Stenger, 2012). HGT and recombination 
are key factors in the emergence of new strains capable 
of colonizing new hosts (Burbank and Van Horn, 2017). 
This phenomenon could elucidate the high ability of 
subsp. multiplex to infect a wide range of host plants.

A Maximum-likelihood phylogenetic tree was con-
structed showing the different STs, hosts, and geographi-
cal origins of the strains included, which agreed with 
those of described in previous studies (Denancé et al., 
2017; Landa et al., 2019; Dupas et al., 2023) (Figure 1). 
As previously reported, strains identified as belonging to 
ST6 from France and Spain were polyphyletic (Landa et 
al., 2019; Dupas et al., 2023), with strains belonging to 
ST7 from France clustering together with those from 
the USA from the same ST, and closer to Spanish ST6 
strains. In contrast, French ST6 strains clustered with 
Dixon strain from ST6, isolated from almonds in Cali-
fornia, and closer to a subgroup formed by ST81 strains 
from Spain. These ST81 strains clustered with Fillmore 

and Riv5 strains from California, USA, from the same 
ST, which suggests a potential introduction of ST81 
strains from the USA into the Balearic Islands (Moralejo 
et al., 2020).

The remaining X. fastidiosa strains, including strains 
from Italy belonging to ST87 and four of the strains 
sequenced in this study, were grouped according to their 
ST in more ancestral clades. These clades include ten 
strains isolated in Italy from the host plants Polygala 
myrtifolia, Prunus dulcis, Rhamnus alaternus and Spar-
tium junceum, one strain isolated in Brazil from Pru-
nus domestica, and 20 strains isolated in the USA from 
Lupinus, Platanus, Prunus, Quercus, Ulmus, Vaccinium 
and Vinca sp. All the strains within these ancestral clad-
es were primarily isolated from the southeastern USA, 
with two exceptions: two strains isolated from Prunus in 
California, CFBP8075 assigned to ST27 and ICMP8739 
assigned to ST41 (Kant et al., 2023), and the strain 
RAAR14 plum327 from Brazil from ST26. This further 
supports the hypothesis that subsp. multiplex likely origi-
nated in the southeastern USA (Landa et al., 2019).

The presence of X. fastidiosa strains in Califor-
nia, deviating from typical geographical distribution, 
prompts consideration. Those strains were sourced from 
different bacterial collections and could signify intro-
ductions from the southeastern USA. However, data 
inaccuracies could have occurred during strain docu-
mentation in the collection database, or errors may have 
occurred during handling, as these have occurred in the 
past (Nunney et al., 2012), and at least one of the strains 
was isolated in 1985. This underscores the necessity of 
providing precise metadata when depositing microor-
ganisms into culture collections. It also emphasizes the 
significance of open sharing and preserving genome data 
associated with respective correct metadata to ensure 
accuracy and reliability (Nunney et al., 2012; Sabot, 
2022).

Annotation of X. fastidiosa subsp. multiplex genom-
es with the RAST server (Aziz et al., 2008) revealed the 
presence of prophage sequences and phage contigs with-
in most of the bacterial chromosomes assessed in the 
present study (Table 2). Strains isolated from Menorca 
Island exhibited three phage sequences, in contrast to 
the strains isolated from Mallorca Island. Both of these 
islands are in the Balearic Archipelago in Spain, where 
no phage sequences were annotated. Despite belonging 
to the same subspecies and ST81, strains from Menorca 
Island were proposed to have been introduced from Mal-
lorca Island (Moralejo et al., 2020). Among the strains 
analyzed, strain CFBP8418 displayed two contigs anno-
tated as phages, while strains CFBP8070 and CFBP8417 
each presented one contig annotated as phages.
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Figure 1. Maximum-likelihood phylogenetic reconstruction of the core genome for 111 Xylella fastidiosa subsp. multiplex strains. The strain 
IVIA5235 belonging to X. fastidiosa subsp. fastidiosa ST1 was used as the outgroup. Sequence type was known and/or confirmed by genome 
query at the Xylella fastidiosa pubMLST database (Jolley et al., 2018), and location and host of isolation are provided. Strains sequenced in 
this study are shown in red accompanied with an asterisk. Numbers indicate bootstrap values.
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Prunus sp.

Platanus occidentalis
Quercus sp.

Quercus cerris
Prunus dulcis

Platanus occidentalis
Prunus domestica
Ulmus americana

Ulmus sp.
Prunus salicina

Vinca sp.
Prunus domestica

Prunus sp.
Prunus sp.

Lupinus villosus
Polygala myrtifolia

Prunus dulcis
Prunus dulcis

Spartium junceum
Prunus dulcis

Polygala myrtifolia
Rhamnus alaternus
Spartium junceum
Rhamnus alaternus
Rhamnus alaternus
Prunus cerasifera
Olea europaea
Prunus dulcis
Prunus dulcis
Olea europaea

Olea europaea var. sylvestris
Olea europaea var. sylvestris
Santolina chamaecyparissus

Prunus dulcis
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Olea europaea
Prunus dulcis
Prunus dulcis

Polygala myrtifolia
Polygala myrtifolia
Prunus cerasifera
Prunus cerasus

Euryops chrysanthemoides
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Lavandula stoechas
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Quercus rubra
Quercus rubra
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Quercus rubra
Prunus dulcis

Cistus monspeliensis
Spartium junceum
Westrigia fruticosa
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Convolvulus cneorum
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Cistus monspeliensis

Pelargonium sp.
Polygala myrtifolia
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Polygala myrtifolia
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Polygala myrtifolia
Polygala myrtifolia
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Helichrysum italicum

1
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9
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41
41
41
41
41
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37
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7
7
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Previous studies have documented the exist-
ence of prophages and phages in strains of X. fastidi-
osa across different subspecies, associating the pres-
ence of prophages with genomic rearrangements and 
strain divergence (Varani et al., 2008, 2013; O’Leary et 
al., 2022). Absence of observable plaques (calvus) on the 
culture media where these strains grow suggests that the 
assembled contigs may correspond to phages in lyso-
genic states (Chen and Civerolo, 2008). The high preva-
lence of these sequences in strains from subsp. multiplex 
is particularly notable. This prompts the need for further 
investigation to comprehensively elucidate their signifi-
cance, the underlying reasons for their abundance, and 
to provide insights into the mechanisms and potential 
implications of these sequences for X. fastidiosa biology 
and evolution.
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Summary. Rhizoctonia root rot of eggplant, caused by Rhizoctonia solani, is an eco-
nomically important disease. Niallia circulans YRNF1 and arbuscular mycorrhizal fun-
gi (AMF) were assessed for their biocontrol and biofertilizing effects against R. solani, 
as potential replacements for synthetic fungicides and fertilizers. The diazotrophic N. 
circulans YRNF1, isolated from soil, reduced in vitro growth of R. solani by 42%. GC-
MS analysis of culture filtrate of N. circulans YRNF1 detected bioactive compounds, 
including butyric acid (85%) and ethylene glycol (8%). In greenhouse experiments, 
combined application of N. circulans YRNF1 and AMF reduced the severity of egg-
plant root rot by 26%. This combined treatment triggered the transcriptional expres-
sion of five resistance genes (JERF3, PAL1, C3H, CHI2, and HQT) in the treated egg-
plants. Biochemical analyses of the infected eggplant roots treated with the combined 
bio-inoculants showed enhancement of the phenol content (+188%), and increased 
antioxidant enzyme activity, mainly of POD (+104%) and PPO (+72%). Combined 
application of N. circulans YRNF1 and AMF also promoted eggplant growth and 
improved the total NPK concentrations in treated plant leaves. Inoculation of eggplant 
with N. circulans YRNF1 in the presence of AMR increased the mycorrhization level. 
This is the first report of N. circulans and AMF as potential agents for biological con-
trol of Rhizoctonia root rot and growth promotion of eggplant.
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INTRODUCTION

Solanum melongena L. (eggplant) is the most impor-
tant member of Solanaceae (Kaniyassery et al., 2022). 
China is the greatest eggplant producer and Egypt is the 
3rd largest producer, recording annual production of 
1,396,725 tons (FAOSTAT, 2024). Rhizoctonia root rot of 
eggplant is caused by Rhizoctonia solani Kühn (Almam-
mory and Matloob, 2019). The soil-borne pathogen caus-
es diseases of several hosts, including root rots, damp-
ing-off, leaf spots, and leaf blights, which result in a sig-
nificant reductions in crop yields (Rashad et al., 2018).

Effective control of R. solani is difficult, due to its 
wide host range (Cook et al., 2002). The most widely 
used control method is application of synthetic fungi-
cides, but these can have deleterious effects on human 
and animal health, may induce fungicide resistance in 
pathogens (Hollomon, 2015), and lead to environmental 
pollution (Baite et al., 2021). Biological control of plant 
diseases has received increasing attention as a possible 
effective, eco-friendly and safe control strategy against 
various plant diseases (Al-Askar et al., 2014).

Arbuscular mycorrhizal fungi (AMF: Glomeromyco-
tina) live in symbiotic associations with more than 85% 
of the terrestrial plants (Spatafora et al., 2016; Mathur et 
al., 2018). AMF have been extensively studied as poten-
tial bio-protectants against several fungal pathogens, 
including R. solani, Colletotrichum spp., Alternaria spp., 
Phytophthora spp., Fusarium spp., and Puccinia spp. 
(Devi et al., 2022). AMF can also promote plant growth 
(de Oliveiraa et al., 2022). For example, mycorrhization 
of pea roots gave effective biocontrol of Rhizoctonia 
root rot (Rashad et al., 2022a). However, improvement 
of AMF biocontrol efficiency by application with oth-
er compatible antifungal microorganisms may also be 
worthwhile.

Nitrogen-fixing bacteria convert atmospheric nitro-
gen to ammonia, which can be absorbed by plants. These 
bacteria can promote plant growth, facilitate nutrient 
uptake and phosphorous solubilization, and produce 
siderophores and phytohormones (Shameem et al., 2023). 
In addition, Bacillus circulans CB7 Jordan, 1890 (now 
known as Niallia circulans), a non-symbiotic nitrogen-
fixing bacterium, with plant growth-promoting proper-
ties due to auxin production, P-solubilization and sidero-
phore production, has also shown antagonistic effects 
against Dematophora necatrix (Mehta et al., 2015).

Triggering immunity-related genes in plants is an 
important mode of action of biocontrol agents. Jasmonic 
acid and ethylene-response factor 3 gene (JERF3), the 
responsive gene that manages several defence-response 
genes through the jasmonate/ethylene signalling path-

way, is elicited by abiotic and biotic plant stresses 
(Rashad et al., 2022b).

Polyphenols have potential as natural antioxidants, 
which can protect the living organisms from deleterious 
effects of the reactive oxygen species (ROS) (Elshafie et 
al., 2023). These compounds have antioxidant activity, 
as well as antihypertensive, antimicrobial, and antiviral 
activity (Losada-Barreiro et al., 2022). Excessive produc-
tion of ROS causes oxidative stress in humans, leading 
to the development of several ailments (Forman, and 
Zhang, 2021). Antioxidant polyphenols have several 
modes of action, including reductive ability to neutral-
ize ROS, chelation of metal ions that elicit the oxidative 
stress, inhibition of enzymes involved in the formation 
of ROS, and activation of the antioxidant enzymes (Dias 
et al., 2021). Upon infection of plants by the microbial 
pathogens, their cell walls accumulate large amounts of 
lignin (Rashad et al., 2020a). Increased lignification is a 
main barrier against the pathogen spread, and reduces 
the infiltration of toxins and fungal enzymes into plant 
cell walls. Lignin compounds also cause fungal patho-
gens to lose abilities to infect host plants, and prevent 
pathogen movement and multiplication (Ma et al., 2017). 
Flavonoids are plant responsive metabolites that con-
tribute to host resistance in response to various abiotic 
and biotic stresses. These compounds act as physical or 
chemical barriers to prevent the microbial invasion, and 
are toxic defences against the microbial pathogens and/
or insects. They interfere with pathogen cellular pro-
cesses and structures (Ramaroson et al., 2022). The phe-
nylalanine ammonia lyase 1 gene (PAL1) encodes phe-
nylalanine ammonia lyase, which is involved in biosyn-
thesis of polyphenolic compounds that have roles in host 
plant systemic resistance (Rashad et al., 2020a). During 
the early stages of lignin biosynthesis, the 4-coumarate 
3-hydroxylase gene (C3H) catalyzes conversion of 4-cou-
marate to caffeate (Shrestha et al., 2022). The Chalcone 
isomerase 2 gene (CHI2) encodes for chalcone flavonone 
isomerase that catalyses the first two steps of flavonoid 
biosynthesis (Chao et al., 2021). Niggeweg et al. (2004) 
reported that the Hydroxycinnamoyl-CoA quinate 
hydroxycinnamoyl transferase gene (HQT) catalyzes 
biosynthesis of chlorogenic acid from caffeoyl-CoA and 
quinic acid.

The present study had the following objectives: 1) 
to investigate in vitro suppressive potential of the diazo-
trophic bacterium N. circulans YRNF1 against R. solani; 
2) to assess biocontrol effects of a combined treatment 
with N. circulans YRNF1 and AMF on Rhizoctonia root 
rot of eggplant, 3) elucidate the host defensive mecha-
nisms elicited by these combined bioagents, based on the 
transcription of some responsive genes, phenolic com-
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pound content, and antioxidant activity; and 4) assess 
effects of combined bioagents on eggplant development.

MATERIALS AND METHODS

Fungi and eggplant cultivar

The pathogenic fungus R. solani (AG-2-2 IIIB) was 
provided from Mansoura University, Egypt. To pre-
pare the inoculum, a 500 ml glass flask containing 100 
g of sterilized oat grains mixed with sand (1:2 v:v) was 
aseptically inoculated with five discs (6 mm diam.) cut 
from a 5-d-old culture of R. solani, incubated at 28±2°C, 
and was shaken daily for two weeks to ensure uniform 
growth of the fungus (Youssef et al., 2016). AMF inocu-
lum (73% colonization index) was provided by the Agri-
cultural Research Center (ARC), Giza, Egypt. The mixed 
inoculum of potential biocontrol AMF contained spores 
of Claroideoglomus etunicatum (W.N. Becker & Gerd.) 
C. Walker & A. Schüsler and Rhizoglomus intraradices 
(N.C. Schenck & G.S. Sm.) Sieverd, G.A. Silva & Oehl 
(in an equal ratio). AMF were propagated by inocula-
tion of sterilized sandy-clay soil with 10 g of grain of the 
AMF inoculum (approx. 50 AM spores and root pieces 
g-1 soil). The inoculum was applied as a grain bed before 
planting grains of maize (potential host) in a sterilized 
plastic pot under the greenhouse conditions (27/22°C, 
75% relative humidity, and 16 h daily light period). 
No fertilizers were added and irrigation was regularly 
applied to 50% field capacity. After 3 months, the AMF 
colonized roots were cut using a sterile scalpel into small 
segments, and were mixed with the AMF spores in the 
maize rhizosphere soil to be used as AMF inoculum 
(approx. 45 AM spores and mycorrhizal root pieces g-1 
soil) (Nafady et al., 2019). Seeds of the eggplant cultivar 
‘Rondona’ were used, which were provided by the ARC, 
Giza, Egypt.

Collection of soil samples

Twenty-one soil samples were collected from several 
cultivated fields in Alexandria and El- Beheira governo-
rates, Egypt, and were immediately transported to the 
laboratory. These samples were stored for subsequent 
studies at 4°C.

Isolation of the diazotrophic bacteria

Approximately 10 g of each soil sample were added 
aseptically to 90 mL of sterilized water in an Erlenmey-

er flask, vigorously mixed for 45 min at 150 rpm, and 
then serial dilutions were prepared (10-1 to 10-4). Diazo-
trophic bacteria were isolated from the soil according 
to Döbereiner (1988) with slight modifications. Plates of 
nitrogen free (NF) agar medium, containing glucose (20 
g L-1); K2HPO4 (0.2 g L-1), NaCl (0.2 g L-1), MgSO4.7H2O 
(0.2 g L-1), K2SO4 (0.1 g L-1), CaCO3 (5 g L-1), and agar 
(20 g L-1), were individually inoculated with 0.1 mL of 
each serial dilution of soil suspension; Three replicated 
plates were used for each dilution. The plates were then 
incubated for 5 d at 28±2°C. Growing bacterial colonies 
were then singly transferred onto fresh NF plates and 
incubated at the same conditions. The resulting cultures 
were stored in 15% glycerol at -80°C until used (Kifle 
and Laing, 2016).

Screening of the diazotrophic bacteria for antifungal poten-
tial against R. solani

The ability of the isolated diazotrophic bacteria to 
antagonize R. solani was evaluated using the in vitro 
dual plate method (Jasim et al., 2016) on potato dextrose 
agar plates (PDA, Difco). In each plate, 10 μL of each 
bacterial isolate (106 cells mL-1) were streaked aseptical-
ly as a longitudinal line 2 cm away from the border of 
the plate. A disc (6 mm diam.) cut from a freshly grown 
R. solani culture was placed 20 mm from the opposite 
side of the plate. Plates inoculated only with pathogen 
discs served as experimental controls. Each treatment 
was applied in six replicates, and the assay was repeated 
twice. After incubating the plates for 4 d at 25°C, and 
upon complete coverage of control plates with fungal 
growth, inhibition of fungal growth in the dual plates 
was measured using a calibrated ruler, and compared 
with the fungal diameter in the corresponding control 
plate. Suppression of the fungal growth (S %) was deter-
mined using the equation of Ferreira et al. (1991):

S	% =
C − T
C 	× 100 

where C = radial growth in the control plate, and T = 
radial growth in the treated plate.

Biochemical analyses of bacterial culture filtrate using gas 
chromatography-mass spectrometry (GC-MS)

Secondary metabolites in cell free culture filtrate of 
N. circulans YRNF1 were identified qualitatively using 
GC-MS. The culture filtrate of N. circulans YRNF1 was 
obtained by inoculating 200 µL of the bacterial suspen-
sion in sterile distilled water (6 × 106 cfu mL-1) into a 
500 mL capacity Erlenmeyer flask containing 250 mL of 
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nutrient broth (NB) [1% (w/v) each of beef extract and 
peptone, and 5% (w/v) NaCl]. The culture was incubat-
ed under shaking at 120 rpm at 28°C (Nisa et al., 2019). 
After 3 d, the NB was centrifuged for 10 min. at 4°C at 
11,200 g (Thermo Fisher Scientific). The collected cell-
free supernatant was filter sterilized using 0.22 µm filters 
(Millex-GS, Millipore). The cell-free culture filtrate was 
lyophilized to complete dryness, re-suspended in meth-
oxyamine hydrochloride (50 µL) dissolved in pyridine, 
followed by incubation for 90 min. For derivatization of 
the sample, 50 µL of silylation reagent [bis(trimethylsilyl) 
trif luoroacetamide + trimethylchloro-silane, 99:1 v:v] 
were added to the sample. The GC-MS system (GCMS-
QP2010 Plus, Shimadzu), equipped with a gas chromato-
graph (7890B) and a mass spectrometer detector (5977A), 
was used to analyze the sample, at the Central Laborato-
ries Network, NRC, Giza, Egypt. This system involved an 
HP-5MS column (30 m × 0.25 mm × 0.25 μm). Hydro-
gen was used as the carrier gas at the flow rate of 2.0 mL 
min-1. In this assay, 1 µL was used as an injection volume 
according to several processing conditions, including 
50°C for 5 min, which rose at 10°C min-1 to 100°C, and 
then at 20°C min-1 to 320°C. Mass spectra were obtained 
by electron ionization (EI) at 70 eV, involving a spectral 
range of m/z 50–700, and a solvent delay of 4 min, where 
230°C was the mass temperature used and the Quad was 
at 150°C. Biochemical characterization of the different 
bacterial filtrate constituents was obtained by comparing 
the spectrum fragmentation pattern with that stored in 
the data of Wiley and the National Institute of Standards 
and Technology (NIST) Mass Spectral Library.

Detection of the nitrogenase gene (nifH)

Presence of the nitrogenase (nifH) gene was detected 
in the isolated diazotrophic bacteria according to Tan et 
al. (2009), as follows:

DNA extraction. A 2-d culture of each bacterial iso-
late grown on NF medium was centrifuged for 2 min at 
1792 g. The resulting pellet was re-suspended in steri-
lized water (100 mL) and re-centrifuged for an addition-
al 2 min at 1792 g, followed by heating in a water bath 
(90°C) for 10 min. After re-centrifugation, the superna-
tant was added to a sterile tube (0.5 mL capacity) and 
used as a DNA template. The resulting crude DNA con-
centration was estimated at using a UV spectrophotom-
eter at OD260 and OD280 (PERSEE).

Polymerase chain reaction (PCR). The reaction mix-
ture (25 mL) of PCR reaction involved a template DNA 
(≈ 100 ng); primer (1 mM of each primer), DNA poly-
merase (25 µL-1), 5 × buffer, MgCl2 (1 mM), dNTPs (0.2 
mM), and sterile H2O. Sequences of the nifH primers 

used were as follows: nifH-F (5’AAAGGYGGWATCG-
GYAARTCCACCAC3’) and nif H-R (5’TTGTTSGCS-
GCRTACATSGCCATCAT3’) (Turk-Kubo et al., 2012). 
The processing reaction was conducted on a thermocycler 
(Eppendorf) under processing conditions of one cycle 
(95°C for 3 min), then 30 cycles (each of 95°C for 1 min, 
52°C for 1 min, 72°C for 1 min, and 72°C for 5 min).

Molecular identification of the selected bacterium using 
16S rRNA gene

DNA of the promising nitrogen-fixing bacterial 
isolate was subjected to amplification of the 16S-rRNA 
region, using the primer 16S-27F: 5’-AGAGTTTGATC-
MTGGCTCAG-3’ and 16S-1492R: 5’-CGGTTACCTT-
GTTACGACTT-3’ (dos Santos et al., 2019). The PCR 
mixture was subjected to the Exosap-IT (GE Healthcare) 
PCR clean up protocol. The 16S rRNA gene nucleotide 
sequence was determined through Sanger sequencing 
using the DNA Analyzer of Applied Biosystems 3730 × l. 
Using the Big Dye Terminator from ABI; the two prim-
ers 27b F and 1492uR were used for setting up the PCR 
reactions (dos Santos et al., 2019). The Vector NTI soft-
ware (Invitrogen) was used to align the sequences from 
the forward and reverse primers, while the contigs were 
subjected to BLAST to search for nucleotide similarity 
(Zhang et al., 2000). The maximum likelihood method 
through MEGA X software (10.2.4) was used to generate 
a phylogenetic tree of the selected isolate.

Greenhouse experiment

Eggplant seeds were surface sterilized (using 0.05% 
sodium hypochlorite) and planted (one per pot) into 20 
cm diam. plastic pots containing sterilized clay soil. The 
soil physical composition was: silt (35 ± 0.13 g kg-1), sand 
(110.2 ± 0.21 g kg-1), and clay (453 ± 0.18 g kg-1). The soil 
chemical properties were: pH = 7.58, EC, 1.32 dS m-1, 
available P (26 mg kg-1), total N (2.84 g kg-1), available K 
(310 mg kg-1), organic matter (1.72 g kg-1), total organic 
carbon (0.99 g kg-1), and total CaCO3 (5.9%). For AMF 
colonization, an AMF inoculum was added to each pot 
under the seeds (10 g seed-1 of the AMF inoculum). 
Infestation of the soil was carried out by mixing the 
upper layer with the R. solani inoculum (3% w/w), and 
the pots were watered daily for 10 d before planting. 
For preparation of bacterial inoculum, the diazotrophic 
bacterium N. circulans strain YRNF1 was grown in NF 
broth on a rotary shaker for 3 d. The resulting bacterial 
suspension (adjusted at 108 cell mL-1) was mixed with 
1% Arabic gum. For application of N. circulans YRNF1, 
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eggplant seeds were soaked for 30 min before planting in 
freshly prepared bacterial inoculum. Three hours before 
planting, the seeds in control pots were treated with the 
fludioxonil (50.0%) fungicide at 3.5 mL kg-1 as a positive 
fungicide control. The negative control involved a set of 
pots that was untreated. Nine treatments were applied in 
this experiment. These were:
• non-mycorrhizal, untreated, uninfected plants (des-

ignated C);
• non-mycorrhizal, untreated and infected plants (P);
• non-mycorrhizal, treated with N. circulans YRNF1 

and uninfected plants (B);
• mycorrhizal, untreated and uninfected plants (M);
• mycorrhizal, treated with N. circulans YRNF1 and 

uninfected plants (B+M);
• non-mycorrhizal, treated with N. circulans YRNF1 

and infected plants (B+P);
• mycorrhizal, untreated and infected plants (M+P);
• non-mycorrhizal, treated with the fungicide and 

infected plants (F+P); and
• mycorrhizal, treated with N. circulans YRNF1 and 

infected plants (B+M+P).
No fertilization was applied in this experiment. Five 

replicates were used, and the pots were arranged in a 
randomized complete block design. They were main-
tained at 70% relative humidity, in a 27°C day 17°C 
night temperature regime in a greenhouse, and were 
irrigated with tap water when necessary. This experi-
ment was repeated twice

Assessment of the disease severity

Five plants from each treatment were carefully 
uprooted, and the adhering soil was removed with tap 

water. The disease severity was evaluated according to 
Wen et al. (2005). This scale included six severity catego-
ries: 0 = no necrosis; 1 = small root necroses (2.5 mm 
length); 2 = necrosis (2.5–5 mm); 3 = necrosis ≥ 5 mm; 
4 = crown and shoots covered with necrotic lesions; or 5 
= seedlings damped-off. The disease severity (DS%) was 
estimated according to Taheri and Tarighi (2010): 

DS	(%) = 	
1n1	 + 	2n2	 + 	3n3	 + 	4n4	 + 	5n5

5N × 100 

where n1 was the number of plants that had severity cat-
egory 1; n2 was number of plants that had level 2; etc., 
and N was the total number of evaluated plants.

Quantifying the expression of the defense-related genes 
using qPCR

Transcription of some responsive genes in egg-
plant roots was quantified at 14 d post planting (dpp). 
The studied genes included JERF3, PAL1, C3H, CHI2, 
and HQT. α-Tubulin and β-actin were used as reference 
genes, based on their stability in the mycorrhizal plants 
(Fuentes et al., 2016). The primer sequences used are 
shown in Table 1. The RNeasy Kit (Qiagen) was used for 
extraction of total RNA, in accordance with the manu-
facturer’s instructions. A SureCycler 8800 (Agilent, 
USA) was used to synthesize the cDNA. The total vol-
ume (20 μL) of the reaction mixture was composed of 
3.5 μL RNase-free H2O; 3 μL 5×-buffer; 3 μL RNA (30 
ng), 3 μL of dNTPs (10 mM), 7 μL of dT primer (5 pmol 
μL-1), and 0.5 μL of the RT enzyme.

The reaction was carried out using the RotorGen 
6000 (Qiagen) real-time system The qPCR was run for 1 
h at 43°C, then 10 min at 71°C. The qPCR mixture con-
sisted of 3 μL cDNA, 1.6 μL sterile water, 1.5 μL of each 

Table 1. Primer sequences of the defense-related genes used in this study (Rashad et al., 2020b).

Primer name Abbreviation (5’-3’)

Jasmonate and ethylene-responsive factor 3 JERF3 F
R

GCCATTTGCCTTCTCTGCTTC
GCAGCAGCATCCTTGTCTGA

Phenylalanine ammonia lyase 1 PAL1 F
R

ACGGGTTGCCATCTAATCTGACA
CGAGCAATAAGAAGCCATCGCAAT

4-coumarate 3-hydroxylase C3H F
R

TTGGTGGCTACGACATTCCTAAGG
GGTCTGAACTCCAATGGGTTATTCC

Chalcone isomerase 2 CHI2 F
R

GGCAGGCCATTGAAAAGTTCC 
CTAATCGTCAATGATCCAAGCGG

Hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase HQT F
R

CCCAATGGCTGGAAGATTAGCTA
CATGAATCACTTTCAGCCTCAACAA

α-tubulin α-tubulin F
R

TATCTGCTACCAGGCTCCCGAGAA
TGGTGTTGGACAGCATGCAGACAG

β-actin β-actin F
R

GTGGGCCGCTCTAGGCACCAA
CTCTTTGATGTCACGCACGATTTC
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primer, and 12.4 μL 2× SYBR® Green Mix. The qPCR 
reaction was run with one cycle at 95°C (for 3 min), 45 
cycles each of 95°C for 15 s and 56°C for 35 s, then 75°C 
for 250 s. The comparative CT method (2−ΔΔCT) was used 
to estimate the transcriptional expression of the tested 
genes, in accordance with Schmittgen and Livak (2008). 
Triplicates of each treatment (biological and technical) 
were used, and the assay was conducted twice.

Determination of the biochemical plant defense responses

At 30 dpp, samples from the eggplant roots were 
collected from each treatment. Estimation of the total 
phenolics, and activities of peroxidase (POD) and poly-
phenol oxidase (PPO) were assessed (five replicates). 
The Folin-Ciocalteu test was used to determine the 
total phenolic content (Singleton et al., 1999). Approxi-
mately 1 g of roots was ground in 5 mL of 80% metha-
nol, at 5°C overnight. This homogenate was then cen-
trifuged at 1344 g for 10 min. The supernatant (100 μL) 
was then mixed with 20% Na2CO3 (50 μL), 1750 μL of 
dH2O, and 250 μL of Folin-Ciocalteu reagent (Sigma-
Aldrich), and the resulting mixture was left at 40°C for 
35 min. Caffeic acid was used as a reference. Phenolic 
contents were estimated using spectrophotometry at 
760 nm. For POD activity determination, approx. 1 g of 
the root was ground in 3 mL of 0.1 M Na2HPO4 buffer, 
and the homogenate was centrifuged for 10 min at 1792 
g. POD enzyme activity was estimated spectrophoto-
metrically at 470 nm, which was represented as ∆A470 
min-1 g-1 f wt (Gong et al., 2001). Estimation of the PPO 
activity was carried out according to Singh and Ravin-
dranath (1994). Five g of root tissue were homogenized 
and kept for 35 min in acetone at 4°C. PPO enzyme 
potential was evaluated spectrophotometrically at 420 
nm using catechin as the substrate, and was recorded 
as ∆A420 min-1 g-1 f wt.

Estimation of levels of plant mycorrhization

Mycorrhizal colonization in eggplant roots was esti-
mated 45 dpp according to Trouvelot et al. (1986). Plant 
roots were fragmented (10 mm diam.) using a scalpel 
and were boiled in 10% potassium hydroxide solution. 
The treated segments were stained using 0.05% trypan-
blue, as described by Phillips and Hayman (1970). For 
each root treatment, approx. 50 stained fragments were 
checked under a light microscope. Three mycorrhization 
parameters were assessed, including frequency of mycor-
rhizal colonization, colonization intensity, and frequency 
of formation of arbuscules (Trouvelot et al., 1986). Esti-

mation of mycorrhization was repeated twice, each time 
on 50 stained fragments.

Evaluation of the eggplant growth parameters

At 45 dpp, approx. five replicate eggplant were care-
fully uprooted. Adhering soil particles were removed 
and plant growth was estimated using the following 
parameters: shoot height, root length, shoot and root 
dry weights, and leaf area. For the evaluation of the dry 
weights, the plants were dried at 80°C in an oven (3 d). 
This assay was conducted twice.

Influence of bioagents on macronutrient contents of egg-
plant leaves

For quantitative analysis of the nutrients content in 
eggplant leaves, approx. ten leaves from each treatment 
were collected, and then air dried. The leaves were frag-
mented using a grinding machine, and then used for 
estimation of the total contents of nitrogen (N), phos-
phorus (P), and potassium (K). Using Kjeldhal assays, N 
was estimated by titration following distillation (Goyal 
et al., 2022). Total P was evaluated as per Singh et al. 
(2022). Total K was determined based on Goyal et al. 
(2022). Determinations were each carried out twice.

Statistical analyses

The results were statistically analyzed using CoStat 
software 6.4. Data were checked for normality before 
applying the analyses of variance. Treatment means were 
compared using Tukey’s HSD test (P ≤ 0.05).

RESULTS

Antagonistic potential of the isolated diazotrophic bacteria 
against R. solani

Eight isolates of diazotrophic bacteria were recov-
ered from the collected soil samples. Results of the in 
vitro antifungal assays against R. solani showed that 
inhibition of R. solani mycelial growth varied among 
the eight isolates ranging from no inhibition to medi-
um inhibition. The greatest level of growth inhibition 
(42% growth, compared to control plates) was observed 
with the isolate designated as YRNF (Figure 1, a and b). 
Growth of the R. solani colony was suppressed and the 
colony had an arc-shaped border with the diazotroph-
ic bacterium YRNF1, with a clear no-growth zone in 
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between the fungus and bacterium, indicating release of 
antifungal metabolites by the bacterium, and an antibio-
sis-based mechanism of antifungal activity (Figure 1).

GC-MS analysis of the bacterial culture filtrate

Nineteen chemical constituents were detected in 
the culture filtrate of N. circulans YRNF1, which were 
identified by the GC-MS analysis (Figure 2). As pre-

sented in Table 2, the major biochemical constituents 
were butyric acid (85%) and ethylene glycol (8%). Some 
metabolites were recorded at intermediate proportions, 
including lactic acid, propanoic acid, 2-[(trimethyl-
silyl)oxy]-, trimethylsilyl ester (2TMS) derivative (1.5%) 
and α-D-mannopyranoside, methyl, cyclic 2,3:4,6-bis 
(butylboronate) (1.2%). The least detected components 
were β-hydroxyquebrachamine; 1,3-Dipalmitin tri-
methylsilyl ester (TMS) derivative; octadecanoic acid, 
2,3-bis[(trimethylsilyl) oxylpropyl ester (Glycerol mon-

Figure 1. In vitro antagonism of the diazotrophic bacterium Niallia circulans strain YRNF1 against Rhizoctonia solani. Confrontation test in 
dual culture; a) Unchallenged R. solani (control); b) R. solani challenged by N. circulans strain YRNF1.

Figure 2. GC-MS chromatogram of the secondary metabolites detected in culture filtrates of Niallia circulans YRNF1.
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ostearate, 2TMS derivative); 2,4,6(1H,3H,5H)-pyrimi-
dine-trione, 5-(1-cyclohexen-1-yl)-5-ethyl- (cyclobarbi-
tal), and cedrane-8,13-diol (cedran-diol, 8S,13-). 

Detection of the nitrogenase gene (nifH) in the diazotroph-
ic bacteria

Results obtained from PCR analyses showed that the 
selected isolate YRNF1 possessed the nifH nitrogenase 
gene, which was observed as a single band at 450 bp 
(Figure 3). This indicated that the isolate was a nitrogen 
fixing bacterium.

Molecular identification of the diazotrophic bacterium 
YRNF1

Results of BLAST analysis of the 16S rRNA sequence 
showed that the diazotrophic bacterial strain YRNF1 
had 99.71% similarity with N. circulans (reference strain 
MH130347). The nucleotide sequence of N. circulans 
YRNF1 was deposited in the GenBank under accession 
number OP703372. The phylogenetic analysis of N. circu-
lans YRNF1 in comparison to ten species of the genus 
Bacillus (Figure 4) showed that the strain grouped with 
B. circulans (MW547978) in a single distinct clade, with 
66% bootstrap support. The Bacillus spp. strains clus-

tered in two major groups. The first contained B. alti-
tudenis (MK424248), B. velezensis (MG651075), and 
B. subtilis (HE610894), with 70% bootstrap support. 
Bacillus mycoides (ON464184) clustered with 64% boot-
strap support in the other clade, while B. toyonensis 
(MZ773910) represented an outgroup. The second major 
group also included B. licheniformis (MK280728) and B. 
amyloliquefaciens (MF423459), with 64% bootstrap sup-
port, and clustered in a separate clade. The other clade 
involved B. cereus (OQ152624) and B. thuringiensis 
(MY912020), with 62% bootstrap support.

Disease severity

Mean severity of Rhizoctonia root rot in the infect-
ed, non-treated eggplant plants was 69%, which was 
the greatest of the nine treatments. Control plants with 
either one of the two bio-inoculants had no disease. 
Moderate disease severity was observed for the infected 
plants inoculated with N. circulans YRNF1 (45%), and 
32% for that inoculated with AMF. Application of both 
bio-inoculants reduced disease severity by 26% com-
pared to the non-treated infected plants. This indicated 
additive activity of these two bio-inoculants. Treatment 
with fludioxonil decreased the disease severity by 25% 
(Figure 5). 

Table 2. Secondary metabolites identified in culture filtrates of Niallia circulans YRNF1.

Peak 
no.

Retention time 
(min)

Peak area 
(%) Compound name Chemical formula

1 4.153 23.11 Butyric Acid, TMS derivative C7H16O2Si
2 5.2 61.53 Butyric acid C4H8O2

3 7.074 7.75 Ethylene glycol, 2TMS derivative C8H22O2Si2

4 7.265 0.22 Cyclobarbital C12H16N2O3

5 7.309 0.16 2,4,6(1H,3H,5H)-Pyrimidinetrione, 5-(1-cyclohexen-1-yl)-5-ethyl- C12H16N2O3

6 7.47 0.91 Propylene glycol, 2TMS derivative C9H24O2Si2

7 8.195 0.28 2-Ethoxyethanol, TMS derivative C7H18O2Si
8 8.649 0.17 Cedran-diol, 8S,13- C15H26O2

9 8.722 0.85 1-Ethyl-1-(2-phenylethoxy)-1-silacyclohexane C15H24OSi
10 8.934 1.48 Lactic Acid, 2TMS derivative C9H22O3Si2

11 9.249 0.4 β-D-Galactopyranoside, methyl 2,3-bis-O-(trimethylsilyl)-, cyclic butylboronate C17H37BO6Si2

12 10.443 0.11 β-Hydroxyquebrachamine C19H26N2O
13 10.801 0.46 Acetin, bis-1,3-trimethylsilyl ether C11H26O4Si2

14 15.07 1.19 α-D-Mannopyranoside, methyl, cyclic 2,3:4,6-bis (butylboronate) C15H28B2O6

15 18.555 0.23 1-Heptatriacotanol C37H76O
16 18.768 0.57 1-Monopalmitin, 2TMS derivative C25H54O4Si2

17 18.892 0.13 1,3-Dipalmitin trimethylsilyl ester (TMS) derivative C38H76O5Si
18 19.507 0.31 2-Oleoylglycerol, 2TMS derivative C27H56O4Si2

19 19.603 0.14 Glycerol monostearate, 2TMS derivative C27H58O4Si2
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Triggering of the resistance-related genes in eggplant roots

Transcriptional expression of the resistance genes 
JERF3, PAL1, C3H, CHI2, and HQT in eggplant roots 
inoculated with N. circulans YRNF1 and colonized 
with AMF is shown in Figure 6. Compared to the con-
trol treatment, all of the experimental treatments elic-
ited expression of JERF3. Combined application of N. 
circulans YRNF1 and AMF up-regulated the JERF3 
gene more than the single treatments. The greatest gene 
expression (29.4-fold) was for infected eggplant roots 
after inoculation with N. circulans YRNF1 and colo-
nization by the AMF. Both applied bioagents increased 
the expression of PAL1, compared to the control plants. 
Greatest gene expression (17-fold) was for infected egg-
plant roots inoculated with N. circulans YRNF1 and 
colonized with the AMF. This was the same for C3H, 

where all the treatments induced expression of this gene, 
compared to the control treatment. Overexpression (8.6-
fold) was detected for infected eggplant roots inoculated 
with N. circulans YRNF1 and colonized with the AMF. 
The applied treatments up-regulated expression of CHI2 

Figure 3. Agarose gel showing the amplified DNA product of the 
nitrogenase gene (nifH) of the diazotrophic bacterium YRNF1 as a 
single band (450 bp).

Figure 4. Phylogenetic tree of the diazotrophic bacterium Niallia 
circulans YRNF1.

Figure 5. Mean root rot disease severities of eggplant plants treated 
with the diazotrophic bacterium Niallia circulans YRNF1 and/or 
AMF. Columns accompanied by the same superscript letters are not 
significantly different (Tukey’s HSD test, P ≤ 0.05). Error bars are 
Standard deviations (± SD). Treatments were: C, non-mycorrhizal, 
untreated and uninfected; P, non-mycorrhizal, untreated and infect-
ed; B, non-mycorrhizal, treated with N. circulans YRNF1 and unin-
fected; M, mycorrhizal, untreated and uninfected; B+M, mycor-
rhizal, treated with N. circulans YRNF1 and uninfected; B+P, non-
mycorrhizal, treated with N. circulans YRNF1 and infected; M+P, 
mycorrhizal, untreated and infected; F+P, non-mycorrhizal, treated 
with the fungicide and infected; and B+M+P, mycorrhizal, treated 
with N. circulans YRNF1 and infected.
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at varying levels compared to the untreated non-infected 
eggplants, with greatest expression of this gene record-
ed value showing a 15.9-fold increase. Application of all 
the treatments led to overexpression of HQT, compared 
to the control plants. The infected eggplant roots inocu-
lated with N. circulans YRNF1 and colonized with the 
AMF had maximum expression of 11.7-fold.

Effects of bioagents on phenol levels and antioxidant 
enzyme activities in treated eggplant roots

Eggplants challenged with N. circulans YRNF1 and 
AMF and inoculated with R. solani had increased level 
in total phenol contents, and increased POD and PPO 
enzyme potential (Table 3). At 30 dpp, mean phenolic 
content increased in the infected, non-treated eggplant 

Figure 6. Mean transcriptional expression of resistance genes (JERF3, PAL1, C3H, CHI2, and HQT) in eggplant roots treated with Niallia 
circulans YRNF1 and colonized with AMF and inoculated with Rhizoctonia solani. For each gene, columns accompanied by the same super-
script letter are not different (P ≤ 0.05), according to Tukey’s HSD test. The error bars are the standard deviations of the means. The experi-
mental treatments were: C, non-mycorrhizal, untreated and uninfected; P, non-mycorrhizal, untreated and infected; B, non-mycorrhizal, 
treated with N. circulans YRNF1 and uninfected; M, mycorrhizal, untreated and uninfected; B+M, mycorrhizal, treated with N. circulans 
YRNF1 and uninfected; B+P, non-mycorrhizal, treated with N. circulans YRNF1 and infected; M+P, mycorrhizal, untreated and infected; 
F+P, non-mycorrhizal, treated with the fungicide and infected; and B+M+P, mycorrhizal, treated with N. circulans YRNF1 and infected.
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roots, to 673.2 mg g-1 f wt compared to the control 
plants (415.7 mg g-1 f wt). Phenolic content of the non-
infected eggplant roots treated with N. circulans YRNF1 
was 579.0 mg g-1 f wt, and for roots treated with AMF 
was 594.4 mg g-1 f wt. Combination of both bio-inocu-
lants increased phenolic content of the non-infected egg-
plant roots to 763.3 mg g-1 f wt. Treatment of the infect-
ed eggplant roots with a combination of both bioagents 
resulted in increased phenolic content up to 1197.4 mg 
g-1 f wt. Application of fludioxonil increased phenolic 
content to 668.2 mg g-1 f wt.

Compared to the control plants, POD enzyme 
activity increased in the infected non-treated eggplant 
roots to 1.53 ∆A470 min-1 g-1 f wt, and for PPO activ-
ity increased to 1.34 ∆A420 min-1 g-1 f wt. Enhancements 
in POD and PPO potential were recorded after treat-
ments of plants with the two bio-agents, either singly 
or in combination. Greatest activity of both enzymes 
was recorded in the infected eggplant roots treated 
with N. circulans YRNF1 (2.32 ∆A470 min-1 g-1 f wt) and 
AMF (1.86 ∆A420 min-1 g-1 f wt). Compared to R. solani-
inoculated non-treated plants, activity of both enzymes 
increased after treatment of infected roots with both 

bio-inoculants. However, the increases in enzyme activ-
ity attributable to the combined treatment (B+M+P) was 
higher than each single treatment. Application of the 
fungicide resulted in a recognizable increase in the POD 
and PPO activity, compared to the control plants.

Mycorrhization of eggplants after treatment with Niallia 
circulans YRNF1

Effects of N. circulans YRNF1 on mycorrhizal colo-
nization of eggplant roots infected with R. solani are 
summarized in Table 4. Eggplant roots un-treated with 
AMF did not develop mycorrhizal colonization. In 
contrast, all eggplant roots treated with AMF showed 
varying levels of mycorrhization. Greatest coloniza-
tion parameters were recorded for roots treated with 
N. circulans YRNF1 and AMF, which gave means of 
88.7% colonization frequency, 56.1% colonization inten-
sity, and 39.7% arbuscule formation frequency, while the 
eggplants colonized by AMF only had 76.3% coloniza-
tion frequency, 45.3% colonization intensity, and 27.4% 
arbuscule formation frequency. These results indicated 
the compatibility between the two potential bio-agents. 
However, R. solani inoculation of the mycorrhizal egg-
plants reduced the mycorrhization levels, compared to 

Table 3. Mean phenolic contents and antioxidant enzyme (POD or 
PPO) activities in eggplant roots 30 d after inoculation with Rhizoc-
tonia solani and treatments with Niallia circulans YRNF1 and/or 
mycorrhizae.

Treatment Phenolic content
(mg-1g-1 f wt)*

POD
(∆A470 min-1 g-1 

f wt)*

PPO
(∆A420 min-1 g-1 

f wt)*

C 415.7 ± 8.19f 1.14 ± 0.07h 1.08 ± 0.05g

P 673.2 ± 11.20d 1.53 ± 0.05e 1.34 ± 0.04e

B 579.0 ± 7.32e 1.38 ± 0.05f 1.24 ± 0.05f

M 594.4 ± 8.17e 1.76 ± 0.09d 1.56 ± 0.07c

B+M 763.3 ± 8.41c 1.90 ± 0.07c 1.47 ± 0.09d

B+P 772.5 ± 10.50c 1.68 ± 0.05d 1.57 ± 0.07c

M+P 832.4 ± 9.13b 2.12 ± 0.08b 1.69 ± 0.05b

F+P 668.2 ± 4.88d 1.25 ± 0.04g 1.29 ± 0.07ef

B+M+P 1197.4 ± 12.02a 2.32 ± 0.08a 1.86 ± 0.09a

*Means followed by different superscript letters are significantly 
different (P ≤ 0.05), according to Tukey’s HSD tests. The data are 
means of five replicates ± SD. Treatments applied were: C, non-
mycorrhizal, untreated and uninfected; P, non-mycorrhizal, untreat-
ed and infected; B, non-mycorrhizal, treated with N. circulans 
YRNF1 and uninfected; M, mycorrhizal, untreated and uninfected; 
B+M, mycorrhizal, treated with N. circulans YRNF1 and uninfect-
ed; B+P, non-mycorrhizal, treated with N. circulans YRNF1 and 
infected; M+P, mycorrhizal, untreated and infected; F+P, non-myc-
orrhizal, treated with the fungicide and infected; B+M+P, mycorrhi-
zal, treated with N. circulans YRNF1 and infected, and peroxidase 
(POD) and polyphenol oxidase (PPO).

Table 4. Mean proportions (%) of mycorrhizal colonization fre-
quency, intensity and arbuscule frequency 45 d after treatments of 
eggplants with Niallia circulans YRNF1.

Treatment
Colonization 

frequency (%)*
Colonization 
intensity (%)*

Frequency of 
arbuscules (%)*

C 0 0 0
P 0 0 0
B 0 0 0
M 76.3 ± 4.12b 45.3 ± 6.13b 27.4 ± 3.17b

B+M 88.7 ± 6.23a 56.1 ± 5.41a 39.7 ± 5.11a

B+P 0 0 0
M+P 63.9 ± 4.55d 35.4 ± 6.04c 20.5 ± 4.03c

F+P 0 0 0
B+M+P 70.33.4 ± 4.81c 43.4 ± 5.22b 24.5 ± 5.15bc

*Means accompanied by the same superscript letter are not sig-
nificantly different (P ≤ 0.05), according to Tukey’s HSD test. The 
values are means of five replicates ± SD. Treatments applied were: 
C, non-mycorrhizal, untreated and uninfected; P, non-mycorrhizal, 
untreated and infected; B, non-mycorrhizal, treated with N. circu-
lans YRNF1 and uninfected; M, mycorrhizal, untreated and unin-
fected; B+M, mycorrhizal, treated with N. circulans YRNF1 and 
uninfected; B+P, non-mycorrhizal, treated with N. circulans YRNF1 
and infected; M+P, mycorrhizal, untreated and infected; F+P, non-
mycorrhizal, treated with the fungicide and infected; and B+M+P, 
mycorrhizal, treated with N. circulans YRNF1 and infected.
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the mycorrhizal eggplants not inoculated by the patho-
gen. This was also the case for the mycorrhizal-infected 
roots treated with N. circulans YRNF1.

Eggplants growth in response to application of N. circulans 
YRNF1 and AMF

Results from treatments of R. solani inoculated 
eggplants with N. circulans YRNF1 and AMF showed 
increases in most of the measured plant growth param-
eters (Table 5). Compared to experimental controls, the 
R. solani-inoculated had 20.5% reduction in mean shoot 
height and 26.3% reduction in mean root length. Egg-
plant roots colonized by AMF had 54.6% greater shoot 
height and 54.7% greater root length. Treating the non-
R. solani inoculated plants with N. circulans YRNF1 and 
AMF increased shoot height by 71.4% and root length by 
41.8%. Treatment of the R. solani inoculated eggplants 
with both bio-inoculants, increased shoot height by 53.7% 
and root length 66.5%. Treatment with fludioxonil also 
increased shoot height and root length of the R. solani-
inoculated eggplants. Compared to controls, inoculation 
of the plants reduced shoot dry weight by 41.0% and root 
dry weight by 60.0%. Treatment of the non-infected egg-
plants with N. circulans YRNF1 and AMF increased shoot 
dry weight 79.5 and root dry weight by 130%. Application 
of both bio-agents to infected plants increased shoot dry 
weight by 51.3% and root dry weight by 90%. Treatment 
of infected plants with fludioxonil also increased shoot 
and root dry weights. Inoculation of plants with R. solani 
also reduced mean leaf area by 34.3%. Application of both 

bio-inoculants increased the leaf area by 115.7%. Com-
bined treatment of the infected eggplants with both bio-
agents increased mean leaf area by 85.8%. Treatment of 
the infected eggplants with fludioxonil increased leaf area, 
compared to the untreated infected plants.

Influence of Niallia circulans YRNF1 and AMF on the 
macronutrient contents in the eggplant leaves

Total nitrogen (TN) contents in eggplant leaves var-
ied across the different treatments (Table 6). Compared 
to experimental controls, all the treatments caused 
increased TN. Greatest mean TN increases resulted for 
R. solani-inoculated plants colonized by AMF (3.9%), 
inoculated with N. circulans YRNF1 (3.6%) or treated 
with fludioxonil (3.6%). Greatest total phosphorus (TP: 
2.55%) was measured in non-inoculated plants colonized 
with AMF, and in R. solani-inoculated plants colonized 
with AMF (TP = 2.26%). Most of the applied treatments 
also increased total potassium (TK) contents in the egg-
plant leaves, compared to control. Measured N/P ratios 
were increased in the R. solani inoculated plants either 
treated with the fludioxonil (mean N/P ratio = 4.29), 
inoculated with N. circulans YRNF1 (N/P = 3.86), or 
colonized with AMF (N/P = 3.85).

DISCUSSION

Rhizoctonia solani is a damaging pathogen that 
infects several economically important host plants. In 

Table 5. Mean eggplant shoot heights, root lengths, shoot and root dry weights, and leaf areas 45 d after inoculation with Rhizoctonia solani 
and treatments of Niallia circulans YRNF1 and/or mycorrhizal colonization.

Treatment Shoot height (cm)* Root length (cm)* Shoot dry weight (g)* Root dry weight (g)* Leaf area (cm2)*

C 12.50 ± 1.12d 5.17 ± 0.80e 0.39 ± 0.03c 0.10 ± 0.02c 17.99 ± 1.23f

P 10.00 ± 0.99e 3.81 ± 0.73f 0.23 ± 0.05d 0.04 ± 0.01d 11.82 ± 1.01g

B 13.50 ± 1.37cd 7.16 ± 0.95bcd 0.62 ± 0.04ab 0.22 ± 0.02a 24.71 ± 2.33d

M 19.33 ± 1.40b 8.00 ± 1.00ab 0.68 ± 0.06a 0.21 ± 0.04ab 33.54 ± 2.15b

B+M 21.42 ± 1.22a 7.33 ± 0.87bc 0.70 ± 0.09a 0.23 ± 0.05a 38.82 ± 2.56a

B+P 13.17 ± 0.87cd 7.33 ± 0.74bc 0.39 ± 0.08c 0.10 ± 0.03c 21.76 ± 1.81e

M+P 18.14 ± 1.13b 7.30 ± 0.81bc 0.58 ± 0.07b 0.21 ± 0.05ab 28.48 ± 1.64c

F+P 15.83 ± 1.41c 6.33 ± 0.89cd 0.36 ± 0.06c 0.11 ± 0.06c 17.43 ± .98f

B+M+P 19.21 ± 1.42b 8.61 ± 0.78a 0.59 ± 0.08b 0.19 ± 0.07b 33.42 ± 1.11b

*Means accompanied by the same superscript letter are not significantly different (P ≤ 0.05), according to Tukey’s HSD test. The values are 
means of five replicates ± SD. Treatments applied were: C, non-mycorrhizal, untreated and uninfected; P, non-mycorrhizal, untreated and 
infected; B, non-mycorrhizal, treated with N. circulans YRNF1 and uninfected; M, mycorrhizal, untreated and uninfected; B+M, mycor-
rhizal, treated with N. circulans YRNF1 and uninfected; B+P, non-mycorrhizal, treated with N. circulans YRNF1 and infected; M+P, myc-
orrhizal, untreated and infected; F+P, non-mycorrhizal, treated with the fungicide and infected; and B+M+P, mycorrhizal, treated with N. 
circulans YRNF1 and infected.
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this study, isolation of diazotrophic bacteria from the 
soil samples resulted in the recovery of eight bacterial 
isolates. Results of in vitro antagonism assays of these 
isolates against R. solani showed that one strain YRNF1, 
molecularly identified as N. circulans, considerably 
inhibited R. solani growth in culture. This was prob-
ably because of antifungal compounds production (anti-
biosis) by N. circulans. Analysis of N. circulans YRNF1 
culture filtrate using GC-MS indicated occurrence of 
19 metabolites. Butyric acid and ethylene glycol were 
the major components of the culture filtrate. Previous 
studies have reported antifungal activity of butyric acid, 
which is a short chain fatty acid produced by bacteria 
(e.g. Lactobacilli spp.), and this compound is widely 
used as a bio-preservative in dairy products due to its 
high antifungal activity (Garnier et al., 2020). Ethylene 
glycol is widely used as an effective antifungal compo-
nent in the hand sanitizers (Vuai et al., 2022). The in 
vitro antifungal potential of N. circulans YRNF1 may 
be due to additive actions of butyric acid and ethylene 
glycol. It is possible that ethylene glycol, thanks to its 
amphiphilic nature, facilitates contact between butyric 
acid, which is a hydrophobic and antifungal compound, 
and R. solani cells, whose contents are hydrophilic 
(Abouloifa et al., 2022).

Nitrogen fixation is an important biological process 
as nitrogen (N) is a limiting nutrient for crop growth. 
The nitrogen fixing ability of N. circulans YRNF1 was 
confirmed by the presence of nifH gene in its DNA, 
which provides marker for N fixation ability (Young, 
1992). Nitrogen fixation by N. circulans YRNF1 is prob-
ably the main mechanism of the observed promotion of 
the eggplant growth, as shown by the increases of NPK 
contents in leaves of the treated plants. Nitrogen is the 
most important element in plant nutrition, and nitrogen 
nutrition via nitrogen fixation increases plant vegeta-
tive vigor. Phosphorus and potassium are also vital for 
plant biochemical processes, such as photosynthesis and 
for the nitrogen fixation process itself (Abdelraouf et al., 
2020). Potassium has an important function in activat-
ing enzymes including nitrogenase (Rashad et al., 2023). 
Coskun et al. (2017) highlighted that the form of avail-
able N, particularly NH4

+ and NO3
- , and the transfor-

mation of N in soil, also affect K uptake by plants. These 
authors reported that administration of NH4

+ to barley 
plants enhanced K+ uptake. Phosphorus nutrition is also 
important for N fixation processes, where conversion of 
N2 to NH4

+ catalyzed by nitrogenase depends on ATP 
(Bello et al. 2023). Nitrogen fertilization also positively 
affects P uptake by plant roots (Krouk and Kiba, 2020).

The results obtained in the present study from the 
greenhouse assays showed that application of N. circu-
lans YRNF1 suppressed disease severity caused by R. 
solani in the treated eggplants. The bio-control efficacy 
of N. circulans YRNF1 was probably due to its ability to 
produce metabolites (particularly butyric acid and eth-
ylene glycol) with antifungal potential. Other possible 
mechanisms of action include the ability to inhibit the 
growth of R. solani and limit severity of root rot through 
colonization of root infection sites, competitive exclu-
sion of the fungal pathogen, and secretion of antifungal 
and/or cell wall hydrolyzing enzymes (Lugtenberg et al., 
2009; Berendsen et al., 2012). Systemic immunity may 
also be triggered by N. circulans in treated eggplants. All 
the above mentioned results are promising for the poten-
tial use of N. circulans YRNF1 as an effective biocontrol 
agent. Disease severity may also be reduced by AMF 
colonization of eggplants infected by R. solani, which 
triggers host defense responses in plants under stress 
caused by plant pathogens (Rashad et al. 2020b). AMF 
can also enhance plant resistance, by promoting plant 
growth and vigor via improvement of plant nutrition 
(El-Sharkawy et al., 2023) and production of plant hor-
mones (Song et al., 2020). In the present study, co-inoc-
ulation of infected plants with the two biocontrol agents 
decreased disease severity by 26%, indicating an additive 
action of the N. circulans YRNF1 and AMF.

Table 6. Mean contents of nitrogen, phosphorus, and potassium, 
and N/P ratios 45 d after treatments of eggplants with Niallia circu-
lans YRNF1 and/or AMF.

Treatment Total nitrogen 
(%)*

Total 
phosphorus 

(%)*

Total 
potassium

(%)*
N/P ratio*

C 2.66 ± 0.08e 1.59 ± 0.04d 2.15 ± 0.08c 3.72 ± 0.21ab

P 3.15 ± 0.04cd 2.17 ± 0.03bc 2.70 ± 0.15ab 3.20 ± 0.02b

B 3.22 ± 0.08cd 2.01 ± 0.06bc 2.9 ± 0.06a 3.57 ± 0.20ab

M 3.50 ± 0.08bc 2.55 ± 0.09a 2.77 ± 0.06ab 3.06 ± 0.17b

B+M 3.23 ± 0.02cd 2.04 ± 0.02bc 2.89 ± 0.07a 3.52 ± 0.05ab

B+P 3.64 ± 0.16ab 2.15 ± 0.15bc 2.81 ± 0.02ab 3.86 ± 0.06ab

M+P 3.92 ± 0.09a 2.26 ± 0.04ab 3.04 ± 0.09a 3.85 ± 0.45ab

F+P 3.64 ± 0.04ab 1.88 ± 0.02cd 3.09 ± 0.11a 4.29 ± 0.08a

B+M+P 3.10 ± 0.08d 2.12 ± 0.06bc 2.45 ± 0.03bc 3.24 ± 0.08b

*Means accompanied by the same superscript letter are not sig-
nificantly different (P ≤ 0.05), according to Tukey’s HSD test. The 
values are means of five replicates ± SD. Treatments applied were: 
C, non-mycorrhizal, untreated and uninfected; P, non-mycorrhizal, 
untreated and infected; B, non-mycorrhizal, treated with N. circu-
lans YRNF1 and uninfected; M, mycorrhizal, untreated and unin-
fected; B+M, mycorrhizal, treated with N. circulans YRNF1 and 
uninfected; B+P, non-mycorrhizal, treated with N. circulans YRNF1 
and infected; M+P, mycorrhizal, untreated and infected; F+P, non-
mycorrhizal, treated with the fungicide and infected; and B+M+P, 
mycorrhizal, treated with N. circulans YRNF1 and infected.
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Both potential biocontrol agents affected expres-
sion of the defense genes JERF3, PAL1, C3H, CHI2, 
and HQT. The JERF3 gene was particularly expressed 
in response to treatment of eggplants with N. circu-
lans YRNF1 and AMF. The gene JERF3 controls sev-
eral plant defense genes (Rashad et al., 2022b). PAL1 
regulates the main step in the polyphenolic biosyn-
thetic pathway, through conversation of phenylalanine 
to t-cinnamic acid (Mouradov and Spangenberg, 2014). 
C3H has an important role in biosynthesis of monol-
ignols that constitute lignin (Tao et al., 2015), where lig-
nification of the infected cell walls is a pivotal physical 
mechanism preventing pathogen penetration of hosts 
and cell to cell proliferation. CHI2 catalyzes the biocon-
version of coumaroyl CoA to naringenin involved in the 
biosynthesis of several fungitoxic compounds, including 
flavonoids and phytoalexins (Zhou et al., 2018). HQT 
regulates biosynthesis of chlorogenic acid from caffeoyl 
CoA (André et al., 2009). Triggering expression of these 
defense genes indicates induction of effects of the com-
bined application of N. circulans YRNF1 and AMF for 
eggplant resistance.

Increases in phenolics and in activities of POD and 
PPO were detected in response to applying N. circulans 
YRNF1 and AMF. This is similar to the results of Singh 
et al. (2016). Increments of phenolic compounds con-
tent is a plant defense response associated with induced 
resistance (IR) in plants infected by pathogens (Chin 
et al., 2022). POD and PPO are important antioxidant 
enzymes, which catalyze formation of lignin, thus con-
tributing to structural reinforcement of plant cells and 
formation of physical barriers against invading patho-
gens (Nasr-Esfahani et al., 2020). In addition, POD and 
PPO scavenge the oxidative ROS generated within infec-
tion processes.

Results from the present study have demonstrated 
that the frequency of colonization of eggplant roots by 
AMF, the level of colonization, and the frequency of 
arbuscule formation were greater after treating eggplants 
with a combination of N. circulans YRNF1 and AMF. 
This revealed the inducing effect of N. circulans YRNF1 
on mycorrhizal colonization, which indicates compat-
ibility of the two potential biocontrol agents.

In the present study, the two applied potential bio-
control agents promoted eggplant growth. Colonization 
of plant roots by two or more AMF species has previ-
ously been reported to provide a spectrum of advan-
tages, and has more benefits to host plants than coloni-
zation by one species (Sharma and Kapoor, 2023). The 
strain N. circulans E9 has been found to promote plant 
growth (Sarmiento-López et al., 2022), which is associ-
ated with production of IAA and promotion of growth 

through stimulation of cell division and increased 
nutrient and water uptake, resulting in increased crop 
yield and quality (Sarmiento-López et al., 2022). In the 
present study, increases in the growth parameters of 
R. solani-infected eggplants were detected after indi-
vidual treatments with each of the two bio-inoculants. 
This may be due to the biocontrol potential of N. circu-
lans YRNF1 and growth promotion from each of the 
bio-inoculants. The recorded enhancement of eggplant 
growth after colonization with AMF was also similar 
to effects reported by Han et al. (2023), where treating 
lettuce by AMF increased the plant height by 30% and 
root length by 64%. Colonization by AMF is known 
to improve the host plants through multiple modes of 
action, including increases in active and passive nutri-
ent and water uptake, and increased hyphal networks 
on root radicles, which magnify the hydraulic conduc-
tivity of water from the soil (Rashad et al., 2020c). In 
addition, AMF can produce hydrolyzing phosphatases, 
pectinases, and cellulases, as well as organic acids, 
which assist in nutrient utilization and improve their 
plant availability (Liu et al., 2021). AMF also produce 
phytohormones (e.g. abscisic acid and strigolactones) 
that enhance plant growth (Pozo et al., 2015).

Niallia circulans YRNF1 also enhanced eggplant 
nitrogen nutrition via the N-fixation, which probably 
promoted eggplant growth, whether or not colonized by 
AMF. The enhancements of eggplant growth parameters 
were increased after applying the two bio-gents, suggest-
ing their additive action. This observation is consistent 
with that of El-Sharkawy et al. (2022), who showed that 
co-treating of pea plants by Streptomyces viridosporus 
HH1 and the mycorrhizal fungus Rhizophagus irregula-
ris increased pea growth, compared to individual treat-
ments with these two microorganisms. The AMF supply 
host plants with mineral nutrients, mainly phosphorus, 
which play prominent roles in plant growth (Adolfsson 
et al., 2015). The present results also demonstrated that 
combined application of N. circulans YRNF1 and mycor-
rhizal colonization improved the NPK contents in egg-
plant leaves, which was probably due to a cumulative 
effect of N. circulans YRNF1 and AMF. These data were 
similar to those of Hafez et al. (2022), who reported that 
combined application of growth-promoting rhizobacte-
ria with organic fertilizers increased total N, P, and K in 
treated plant tissues, compared to untreated plants, and 
to individual applications of the mineral fertilizers.

The present study is the first to report effective use 
and the additive effects of the diazotrophic bacterium N. 
circulans and AMF, as biofungicides and biofertilizers, 
for potential management of Rhizoctonia root rot and 
growth-promotion in eggplant.
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Summary. In July 2022, root rot was observed in several goji (Lycium barbarum) orchards 
located in Qinghai Province, China. Approximately 40% of the goji plants were affected 
in the orchards. Morphology of fungi isolated from affected plant, phylogenetic analyses, 
using internal transcribed spacer (ITS), translation elongation factor 1-alpha (TEF), and 
trichothecene (Tri5) sequences, as well as pathogenicity assays, were conducted to char-
acterize and identify the causing agent of goji root rot. Isolate GQGF1-3 caused typical 
symptoms of L. barbarum root rot. Fungal colony characteristics and conidium morpholo-
gy, combined with ITS, TEF, and Tri5 sequences showed that isolate GQGF1-3 was Fusar-
ium sambucinum. This is the first report of F. sambucinum causing root rot of goji.

Keywords. Pathogen identification, Lycium barbarum.

INTRODUCTION

Goji (Lycium barbarum L.) is a perennial shrub in Solanaceae. Berries of 
this plant are rich in polysaccharides, carotenoids, and flavonoids, and are 
widely used as a traditional Chinese functional food (Potterat, 2010). Goji 
plants are tolerant to salinity, drought, and low temperatures, and are widely 
cultivated as medicinal or ornamental trees, or for soil amelioration in arid 
and semi-arid regions of China, Japan, South Korea, and southeast Europe 
(Zhang et al., 2022).

Qinghai province is one of the most important areas in China for pro-
duction of goji berries (Lu et al., 2021). Continuous expansion of planting of 
L. barbarum, together with poor crop management, has caused goji root rot 
to become one of the most severe diseases during goji cultivation (Cariddi 
et al., 2018). The affected roots show exposed xylem and visible dark brown 
vascular bundles, and these symptoms lead to reductions in fruit yields and 
death of whole plants. Incidence of goji root rot has been reported to be more 
than 30%, and the disease has caused approx. 35% reduction of goji yields 
(Cariddi et al., 2018; Bai et al., 2020).

In July 2022, root rot was observed in several goji orchards located in 
Qinghai Province, China (36°62’N, 101°78’E). Approximately 40% of the goji 
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plants in the orchards showed root rot symptoms. The 
affected plants had withered leaves, black rotten roots, 
and detached root bark, and the disease often caused 
death of the affected plants.

In this study potential goji root rot causal agents 
were isolated, characterized, and identified, using mor-
phology, molecular identification and pathogenic-
ity tests. This study was undertaken to provide the basic 
information for formulating effective management of 
goji root rot.

MATERIALS AND METHODS

Collection of Lycium barbarum plants and isolation of 
potential pathogens

Diseased L. barbarum plants were collected from 
several orchards in Qinghai Province, China, during July 
2022, and were sent to the Laboratory of Pathogen Biolo-
gy and Comprehensive Control of Horticultural Diseases 
at the Inner Mongolia Agricultural University. Bounda-
ries between healthy and diseased plant tissues were cut, 
and then surface sterilized by immersing in 1% NaClO 
for 3 min, 75% ethanol for 30 s, followed by rinsing three 
times with sterile distilled water. The tissue pieces were 
then incubated on potato dextrose agar (PDA) at 28°C. 
Frontier mycelium of resulting fungal colonies was trans-
ferred onto fresh PDA, and incubated for 14 d. Serial 
dilutions of conidia from cultures were applied to PDA 
plates to obtain single conidium isolates. Single conidium 
cultures were then maintained on PDA for further tests.

Pathogenicity test

Pathogenicity of isolates was assessed by inoculat-
ing each isolate into healthy goji seedlings. To produce 

large quantities of conidia, the isolates were inoculated 
into potato dextrose broth, which was then incubated on 
a rotary shaker (180 rpm) at 28°C. After 7 d, mycelium 
with conidia and broth were filtered through three lay-
ers of sterilized gauze to remove the hyphae. Conidium 
concentration was adjusted to approx. 107 conidia mL-1. 
Healthy goji seedlings were grown in plastic pots con-
taining sterilized peat soil and sand (1:1 volume). For 
inoculations, four holes were made in the potting medi-
um in each pot at approx. 3 cm from the seedlings. A 
scalpel was used to cut the roots of each plant. Ten mL 
of conidium suspension was poured into the holes. Six 
replicate pots were inoculated with each isolate, and 
sterilized water was similarly applied as the inocula-
tion control. The treated plants were transferred to a 
greenhouse with temperature between 20 and 28°C, and 
were watered every second day. Disease symptoms were 
observed at 15 to 20 d post inoculation.

Identification of pathogenic isolates

Morphological and molecular methods were used 
to identify the isolates obtained from diseased plants. 
Isolates were transferred onto PDA, mung bean residue 
agar (MBRA: 20 g mung bean, 1 L water, autoclaved for 
30 min, mixed by a blender, 20 g agar, autoclaved for 20 
min at 121°C), carnation leaf agar (CLA), and synthetic 
low nutrient medium (SNA), and were cultured at 28°C 
in an incubator. Macroconidia were observed on PDA, 
MBRA, and CLA, and microconidia were observed on 
SNA medium.

Mycelia of one selected isolate were collected, and 
ground with liquid nitrogen. The fungal DNA extrac-
tion kit (Sangon Biotech) was used to extract DNA. 
With DNA as a template, universal primers ITS1/ITS4 
were used to amplify the internal transcribed spacer 
(ITS) regions (White et al., 1990). The PCR reaction sys-
tem was as follows: 10 μL of 2× M5 HiPer plus Taq HiFi 

Table 1. Details of amplification conditions, including sequence primers, annealing temperatures, and extension timse.

Target Primers Sequence 5’→3’ PCR 
conditions 

Product size 
(bp) References

ITS ITS1/ITS4 TCCGTAGGTGAACCTGCGG
TCCTCCGCTTATTGATATGC 55°C, 40 s ~550 White et al. (1990)

Fusarium sambucinum FSF1/FSR1 ACATACCTTTATGTTGCCTCG
GGAGTGTCAGACGACAGCT 58°C, 30 s 315 Mishra et al. (2003)

TEF ef1’/ef2’ ATGGGTAAGGAAGACAAGAC
GGAGGTACCAGTGATCATGTT 58°C, 55 s 700 Du et al. (2012)

Tri5 Tri5F/Tri5R AGCGACTACAGGCTTCCCTC
AAACCATCCAGTTCTCCATCTG 60°C, 30s 545 Nicholson et al. (2004)
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PCR Mix, 7 μL of dd H2O, 1 μL of DNA template, 1 μL 
of each upstream and downstream primers; The reac-
tion conditions were: 95°C for 3 min; 35 cycles of 94°C 
for 25 s, 55°C for 30 s, and 72°C for 40 s, and then 72°C 
for 10 min.

Based on the resulting ITS sequence, Fusarium sam-
bucinum species-specific primer pair FSF1/FSR1 (Mishra 
et al., 2003) was used. The ef1’/ef2’ (Du et al., 2012) were 
used for amplification of the partial translation elonga-
tion factor 1-alpha (TEF).

Potential ability by cultures to produce tri-
chothecenes was tested using primers specific for the 
gene Tri5 (Nicholson et al., 2004). Sequences of all prim-
ers, product sizes, annealing temperature and extension 
time for each assay are presented in Table 1. The PCR 
amplification products were detected by 1.2% agarogel 
electrophoresis, and were recovered and purified using 
an agarogel DNA recovery kit (Tiangen). The prod-
ucts were sent to Sangon Biotech (Shanghai, China) for 
sequencing. The homologous sequence was retrieved by 
NCBI using BLASTn to determine its taxonomic status.

RESULTS

A total of 18 fungal isolates were obtained from goji 
samples. Pathogenicity tests showed that L. barbarum 
plants inoculated with isolate GQGF1-3 showed typical 
symptoms of root rot 3 weeks after inoculation, while 
the control plants and the plants inoculated with other 
isolates were asymptomatic. The pathogenicity test was 
repeated three times, with similar results. Leaves of the 
infected plants were chlorotic and wilted, and the roots 
of inoculated plants were rotted, with brown vascular 
bundles (Figure 1).

Isolate GQGF1-3 had yellow to light grey, dense 
and floccose aerial mycelium, and yellow mycelium on 
the reverse sides of PDA culture plates. On MBRA, the 
isolate had white, fluffy aerial mycelium, and yellow to 
brown colouration on reverse sides (Figure 2, A to D). 
Macrospores of the isolate were sickle-shaped, with 3 to 
4 septa, and measured 11 to 25 × 2.5 to 4.5 μm on PDA 
(Figure 2, E), 15 to 26 × 1.5 to 3.5 μm on MBRA (Figure 
2, F), and 15 to 19 × 1.5 to 3 μm on CLA (G). Single-
celled and ovoid microspores measured 4.0 to 7.5 × 0.8 
to 1.2 μm on SNA (Figure 2, H).

Isolate GQGF1-3 was morphologically identified 
as a Fusarium sp. The internal transcribed spacer (ITS) 
region of the isolate was amplified, and the obtained 
sequence was submitted to GenBank, with accession 
number of OR342306. Blastn analysis of the isolate 
ITS sequence revealed 100% similarity to 17 isolates 
of Fusarium sambucinum, which had been isolated in 
China, India, Eygpt, or Canada. The phylogenetic tree 
based on the ITS sequence showed that GQGF1-3 clus-
tered with F. sambucinum strains (Figure 3, A). Fusari-
um sambucinum species-specific primer pair FSF1/FSR1 
amplified GQGF1-3, and gave a 350 bp sequence (Figure. 
3, B). Phylogenetic trees based on TEF (Genbank acce-
sion number: PP294739) and Tri5 (Genbank accesion 
number: PP294738) both showed that isolate GQGF1-3 
clustered with Fusarium sambucinum (Figure 4).

Based on colony characteristics, conidium morphol-
ogy, and ITS, TEF and Tri5 sequences, isolate GQGF1-
3 was identified as F. sambucinum. In addition, re-iso-
lation of this fungus from inoculated goji roots in the 
pathogenicity test confirmed Koch’s postulates for the 
pathogen.

Figure 1. Symptoms on goji plants inoculated with isolate GQGF1-3. A and B show symptoms of control (non-inoculated) plants, C and D 
are plants that were inoculated with isolate GQGF1-3.
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DISCUSSION

Isolate Fusarium sambucinum GQGF1-3 caused 
typical root rot symptoms on L. barbarum plants. Patho-
gens previously found on L. barbarum include: Fusarium 
oxysporum, F. solani, F. concolor, F. moniliforme, F. equi-
seti, F. incarnatum, F. culmorum, F. tricinctum, Phytoph-
thora nicotianae var. parasitica, and  Rhizoctonia solani, 
of which F. oxysporum is the prevalent species (Bai et al., 
2020; Cariddi et al., 2018; Chen et al., 2021; Zhu et al., 
2023; Jia et al., 2023).

This is the first report of root rot caused by F. sam-
bucinum on L. barbarum. Fusarium sambucinum is a 
common pathogen for agricultural plants, causing head 
blight of wheat, maize, and barley, and dry rot of pota-
to tubers, soybean, squash, and chilli (Alejandra et al., 
2019; Iwase et al., 2020; Yikilmazsoy and Tosun, 2021; 
Kitabayashi et al., 2022). 

Identifying the causal agent of root rot of L. barba-
rum will support efforts for the future control and man-
agement of this disease of goji, which is an economically 
important perennial Solanaceous shrub.
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Summary. Allium ampeloprasum var. holmense (elephant garlic) is traditionally cul-
tivated in “Val di Chiana”, an area between Umbria and Tuscany regions of Central 
Italy, under the name “Aglione della Valdichiana”. This product has recently increased 
in importance, becoming a key economic resource for local farmers. In 2019, phy-
tosanitary problems of elephant garlic cloves ready for transplanting emerged in this 
cultivation area. Symptom/sign observations and fungal isolations were performed 
for cloves divided into four components (tunic, basal plate, reserve tissue and shoot) 
from six farms in the “Val di Chiana” area. Isolates obtained were identified, using par-
tial β-tubulin (BenA) and calmodulin (CaM) or translation elongation factor 1α (tef1α) 
genes sequences, as belonging to Penicillium [P. allii (95%), P. citrinum (4%), P. brevi-
compactum (1%)] or Fusarium [F. oxysporum (81%), F. proliferatum (19%)]. Fusarium 
spp. were mainly associated with clove tunics and basal plates, while Penicillium spp. 
with basal plates, reserve tissues and shoots. Fungi often also developed from asymp-
tomatic components, but a correlation was found between isolated pathogens and 
disease symptoms. Pathogenicity and virulence towards elephant garlic cloves were 
verified for a representative isolate of each identified species, and Penicillium allii was 
the most virulent. Strategies to control Fusarium and Penicillium spp. on cloves were 
assessed, including chemicals, a biocontrol agent, surface sterilization and heat treat-
ment. Among these, treatments with Patriot Gold® (active ingredient [a.i.] Trichoderma 
asperellum TV1, approved in organic farming on crops similar to elephant garlic), or 
Signum® (a.i. boscalid + pyraclostrobin, approved for Integrated Pest Management sys-
tems on crops similar to elephant garlic), were effective in simultaneous reduction of 
Penicillium spp. and Fusarium spp. Transplanting of asymptomatic cloves combined 
with the use of the above treatments showed promising effects for pathogens control, 
and to assist elephant garlic crop establishment.
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INTRODUCTION

Allium (Amaryllidaceae J.St.-Hil., subfamily 
Allioideae Herb) is a broad genus including many bul-
bous species (Han et al., 2020). Within Allium, the 
species complex Allium ampeloprasum L. has wide 
distribution in the Mediterranean area. The impor-
tant species Allium ampeloprasum var. porrum (L.) J. 
Gay (leek) and A. ampeloprasum var. holmense (Mill) 
Asch. et Graebn (commonly referred as elephant gar-
lic) (Guenaoui et al., 2013; Ascrizzi and Flamini, 2020; 
Terzaroli and Caproni, 2020) are included in the A. 
ampeloprasum species complex.

Allium spp. are appreciated for their health benefits 
as they contain bioactive compounds with antifungal, 
antibacterial, antiviral, antitoxic and anticancer proper-
ties (Keusgen et al., 2006; Kim et al., 2018; Ceccanti et 
al., 2021). Among these compounds, the sulfur-contain-
ing substances (i.e. alliin and its derivatives) have anti-
microbial activities, and are also responsible for human 
smell, taste, poor digestion and bad breath (Borlinghaus 
et al., 2014). The very low amounts of alliin and related 
derivatives present in elephant garlic make these bulbs 
potential cuisine substitutes for common garlic (Allium 
sativum L.), because their flavour is very close to that 
of common garlic, but with milder impacts on human 
breath and digestion (Block, 2011; Ascrizzi and Flamini, 
2020; Ceccanti et al., 2021).

Allium ampeloprasum var. holmense, native to 
the Mediterranean basins, is cultivated in many oth-
er regions (Fritsch and Friesen, 2002; Guenaoui et al., 
2013). It has oversized bulbs and large cloves (Guenaoui 
et al., 2013). In Italy, elephant garlic is mainly cultivated 
in “Val di Chiana”, a valley between Umbria and Tus-
cany Regions (Central Italy), as a local landrace named 
“Aglione della Valdichiana” (Terzaroli et al., 2022). In 
this territory, elephant garlic was cultivated in family 
gardens by elderly farmers, and was very close to extinc-
tion (Terzaroli, 2015; Terzaroli and Caproni, 2020). 
However, recent expansion of demand for this product 
had led to cultivation in “Val di Chiana”, and, at the 
same time, many imitations on the market. For this rea-
son, “Aglione della Valdichiana” has been included in 
several regional and national traditional product lists 
(Ministry of Agriculture, Food and Forestry Policies, 
2016; Tuscany Region, 2016; Umbria Region, 2020; Slow 
Food Foundation, 2023). The “Association of Manufac-
turers and Transformers of Aglione della Valdichiana” is 
also attempting to obtain the “Protected Designation of 
Origin” award (PDO) for elephant garlic.

Despite this increasing interest in elephant gar-
lic cultivation, little is known about phytopathologi-

cal problems of bulbs caused by fungal pathogens, and 
related disease control strategies. Since elephant garlic 
is vegetatively propagated due to inability to produce 
seeds (Terzaroli et al., 2022), bulb phytosanitary status 
is important during propagation, as well as for commer-
cialisation. As for other Allium spp., the health of cloves/
bulbs can be compromised by fungal pathogens, includ-
ing Fusarium and Penicillium (Dugan et al., 2011; Le et 
al., 2021). For example, in Chile, P. hirsutum, P. auran-
tiogriseum, P. echinulatum, P. funiculosum and P. rugu-
losum, and F. oxysporum, were isolated from stored ele-
phant garlic bulbs showing lesions (Besoain et al., 2002). 
In addition, F. proliferatum has been isolated from rot-
ten elephant garlic cloves in Serbia (Ignjatov et al., 2019). 
Fusarium and Penicillium are also well-known causal 
agents of bulb rot of common garlic (Crowe, 1995; Val-
dez et al., 2006; Valdez et al., 2009; Gálvez et al., 2017a; 
Chrétien et al., 2020; Gálvez and Palmero, 2021; Mon-
dani et al., 2021a).

To date, while reports are available on treatments to 
control Fusarium (Dugan et al., 2007; Palmero Llamas 
et al., 2013; Gálvez et al., 2017b; Mondani et al., 2021b; 
2021c; 2022) and Penicillium (Greathead, 1978; Bogo, 
1997; Johnson, 2013; Ciabanal et al., 2021) in common 
garlic, no strategies have been tested or developed to 
control these pathogens on elephant garlic cloves.

Symptoms and signs of fungal infections on ele-
phant garlic cloves ready for planting have been report-
ed in 2019 from several farms of the “Val di Chiana” 
area in Tuscany and Umbria (Central Italy). For this 
reason, the present study aimed to: 1) observe the distri-
bution and characteristics of the symptoms/signs in ele-
phant garlic cloves; 2) determine the fungal community 
associated with components of elephant garlic cloves by 
isolation into culture; 3) confirm identification of the 
fungi with molecular methods; 4) assess their patho-
genicity and virulence to elephant garlic cloves; 5) test 
different potential clove treatments for control of clove 
pathogens.

MATERIALS AND METHODS

Sampling and symptom/sign observations

This study was carried out on elephant garlic cloves 
collected from six farms located in the “Val di Chiana” 
area (Figure 1). After harvest (June 2019), the cloves 
were stored at each farm using the common farm-
ing practices. At the time of transplanting (Septem-
ber 2019), 50 cloves were randomly sampled from each 
farm, from cloves already selected by the farmer for 
transplanting, to give a total of six samples. These were 

http://J.St
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brought to the laboratory and 20 cloves per sample were 
randomly selected. Each clove was divided into four 
components: tunic (outer husk); basal plate (the attach-
ment point of roots in the bulb); reserve tissue (fleshly 
part of the clove); and shoot (the shoot primordium 
within each clove). A sterilized blade was used for each 
clove dissection to avoid contamination. After defin-
ing the symptom/sign categories observed in the cloves, 
incidence (% of symptoms/signs for each clove com-
ponent on each sample) was assessed and expressed as 
the average for 20 cloves. In addition, incidence (% of 
symptoms/signs per clove component) on all the cloves 
analysed in the survey was calculated and expressed as 
the average for 120 cloves.

Determination of the fungal community associated with 
elephant garlic cloves

The different components (tunic, basal plate, reserve 
tissue and shoot) of the cloves used for symptom/sign 
observation were used for isolations of fungi, using 
the method of Beccari et al. (2018). From symptomatic 
cloves, isolations were made by taking portions showing 
signs or symptoms, while, for the asymptomatic cloves, 
isolations were made from portions of the different clove 
components. Each clove component was disinfected for 
1 min by immersion in a solution of 95% ethanol (Sig-
ma Aldrich) + 7% sodium hypochlorite (Carlo Erba 
Reagents) solution (82:10:8 % vol.), and was then rinsed 

Figure 1. Map showing the six sampling locations in “Val di Chiana” area, a valley in the Umbria and Tuscany regions of Central Italy. The 
inset (bottom left) shows a map indicating (red arrow) “Val di Chiana” location. The table presents details relating to each sample location.
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three times in sterile deionized water. After disinfection, 
each component was cut into seven pieces (approx. 2 × 
3 mm) that were placed into a Petri dish (90 mm diam., 
Nuova Aptaca) containing potato dextrose agar (PDA, 
Biolife Italiana) amended with streptomycin sulphate 
(0.16 g L-1, Sigma Aldrich). From each clove, four Petri 
dishes (one per component) were used, giving a total of 
80 Petri dishes per original component sample and 480 
for the entire survey. The Petri dishes were incubated at 
22 ± 2°C in the dark. After 5 d of incubation, a combi-
nation of a visual, stereomicroscope (SZX9, Olympus) 
and microscope (Axiophot, Zeiss) observations were car-
ried out on each Petri dish, to examine development of 
fungal colonies and to ascribe these to fungus genera.

Incidence (%) of each fungal genus was calculated. 
Because fungi from cloves were mainly from Fusarium 
or Penicillium, the averages of isolates belonging to these 
genera in each clove component were compared. In 
addition, for each sample, the number of Fusarium and 
Penicillium colonies isolated from each clove component 
was compared to the numbers isolated from the other 
components. The average number of Fusarium and Peni-
cillium isolates obtained from each clove component for 
each sample was also assessed.

Identification of Fusarium and Penicillium isolates

Based on the above observations, Fusarium and Peni- 
cillium were the most frequently isolated genera, so iso-
lates potentially belonging to these genera were identi-
fied by molecular means, adapting the method described 
by Beccari et al. (2020). All Fusarium and Penicillium 
colonies were transferred from isolation PDA cultures 
into new Petri dishes (one dish per isolate), and these 
were incubated in the dark at 22 ± 2°C for 10 d. Result-
ing colonies were assigned to morphotypes according 
to their shapes and colours, detected visually, and mor-
phology of conidiophores and conidia, detected by opti-
cal microscope (Axiophot, Zeiss). A subset of representa-
tive isolates was chosen, one from each morphotype. 
For each representative isolate, a monosporic culture 
was obtained on PDA and incubated in the dark at 22 
± 2°C. After 10 d, mycelium was scraped from PDA in 
each dish and placed into a 2 mL capacity sterile plastic 
tube (Eppendorf) at -80°C, lyophilized with a Heto Pow-
der Dry LL3000 freeze-drier (Thermo Fisher Scientific), 
and reduced to a fine powder with a Mixer Mill MM400 
(Retsch) set at frequency of 25 Hz for 6 min.

DNA extraction was carried out using the meth-
ods of Covarelli et al. (2015) and Beccari et al. (2018). 
Genomic DNA was quantified using a Qubit® 3.0 fluo-
rometer (Thermo Fisher Scientific), using the dsDNA 

Broad Range Assay kit (Thermo Fisher Scientific), fol-
lowing the manufacturer’s protocol. Each DNA sam-
ple was adjusted to a concentration of 30 ng µL-1 add-
ing sterile water for molecular biology (5prime). DNA 
extracts were subjected to partial translation elongation 
factor 1α (tef1α) gene amplification and sequencing for 
Fusarium isolates (O’Donnel et al., 1998; Geiser et al., 
2004), or partial β-tubulin (BenA) and calmodulin (CaM) 
gene amplification and sequencing for Penicillium iso-
lates (Houbraken and Samson, 2011; Visagie et al., 2014). 
The primers used in the PCR assays are shown in Table 
S1. Each PCR protocol used a total reaction volume of 
50 µL. Each reaction contained 29 µL of sterile water for 
molecular biology, 5 µL of dNTPs mix 10 mM (Thermo 
Fisher Scientific), 2.5 µL 10× Dream Taq Buffer + mag-
nesium chloride (Thermo Fisher Scientific), 3.75 μL of 
cresol red (Sigma Aldrich), 2.5 μL of 10 μM of primers, 
0.25 μL of 5 U μL-1 Dream Taq Polymerase (Thermo 
Fisher Scientific), and 2 μL of template DNA (≈60 ng 
DNA). The PCR cycle consisted of an initial denatura-
tion step (94°C for 5 min), followed by 30 cycles of dena-
turation (94°C for 1 min), annealing (1 min at the tem-
perature shown in Table S1), extension (72°C for 1 min), 
and final extension (72°C for 10 min). PCR assays were 
carried out on a T-100 thermal cycler (Bio-Rad). PCR 
fragments were visualized on TAE 1X agarose gel (2%) 
containing 500 μL L-1 of RedSafeTM (4% v/v) (Chembio). 
DNA fragments were separated at 110 V for ≈40 min 
and observed with a gel documentation system (Essen-
tial V6, Uvitec). The sizes of the amplified fragments 
were obtained by comparison with HyperLadder 100-
1000 bp (Bioline Meridian Bioscience).

PCR fragments were purified and sequenced by a 
commercial service (Genewiz Genomic Europe, Leipzig, 
Germany). The sequences obtained were verified and 
edited by Chromatogram Explorer Lite v4.0.0 (Heracle 
Biosoft srl 2011), and were compared with those depos-
ited in the NCBI Basic Local Alignment Search Tool 
(BLAST) database (Altschul et al., 1990).

Phylogenetic analyses were carried out for Fusar-
ium and Penicillium isolates using tef1α (O’Donnel et 
al., 1998; Geiser et al., 2004; Southwood et al., 2012; 
Taylor et al., 2016; Crous et al., 2021) for Fusarium, or 
BenA and CaM partial genes sequences (Houbraken and 
Samson, 2011; Visagie et al., 2014) for Penicillium. The 
sequences of the Fusarium or Penicillium representa-
tive isolates obtained in the present study were analyzed 
together with those of validated phylogenetic species 
reported in GenBank (Tables S2 and S3), using MEGA 
software version 7.0 (Kumar et al., 2016). Fusarium red-
olens NL_96 (Taylor et al., 2016) was used as the out-
group for Fusarium phylogeny, and Talaromyces flavus 
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isolate CBS 310.38 (Houbraken and Samson, 2011) was 
used as the outgroup for Penicillium phylogeny. After 
sequence alignments, nucleotide gaps and missing data 
were deleted and phylogenetic trees were built using the 
neighbor-joining method (Saitou and Nei, 1987) with the 
bootstrap test for 1000 replicates (Felsenstein, 1985). The 
maximum composite likelihood method (Tamura et al., 
2004) was used to compute the evolutionary distances.

Pathogenicity and virulence tests

Pathogenicity and virulence tests were carried out 
using one representative isolate each of F. proliferatum 
(isolate F 88), F. oxysporum subclade 1 (isolate F 129), 
F. oxysporum subclade 2 (isolate F 125), F. oxysporum 
subclade 3 (isolate F 42), Penicillium allii (isolate P 104), 
Penicillium citrinum (isolate P 41), and Penicillium brevi-
compactum (isolate P 150). Pathogenicity and virulence 
were evaluated using the methods of Dugan et al. (2007) 
and Ignjatov et al. (2019), with slight modifications. 
Asymptomatic elephant garlic cloves obtained shortly 
after harvest were disinfected by dipping for 30 sec in 
water-ethanol-sodium hypochlorite solution (see above), 
and rinsed three times with sterile water. Cloves were 
each wounded in two sites by a sterile cork-borer pro-
ducing wounds of 4 mm depth and 5 mm width. Each 
wound was filled with a mycelium plug (5 mm diam.) 
taken from a 7-d-old colony grown on PDA in the dark 
at 22 ± 2°C. For each fungal isolate, four cloves (repli-

cates) were inoculated, for a total of 32 cloves. In addi-
tion, four cloves were used as inoculation controls and 
were treated with sterile PDA. Inoculated and control 
cloves were placed in separate transparent plastic trays, 
which were sealed to maintain a 100% moisture, and 
were then incubated in a climatic chamber (F.lli Bertag-
nin) at 22°C, 16 h daily photoperiod. On each clove 
wound, symptoms were assessed at 30 d post-inocula-
tion (dpi), as the average diameter of dry rot lesion (cm), 
calculated as the mean of two diameters perpendicular 
to each other. In addition, to obtain the virulence indi-
ces (VIs), average lesion diameter was multiplied by the 
average wound depth (cm), given by the mean of the 
depth of the two lesions for each clove, each measured 
with a ruler. For each isolate, the VI index expressed its 
aggressiveness (virulence), as the average of the four rep-
licates (cloves).

Evaluation of control of Fusarium and Penicillium spp. on 
elephant garlic cloves

A pot trial evaluated different treatments applied to 
cloves at planting for efficacy against Fusarium and Peni-
cillium infections. Treatments applied are listed in Table 
1. These included: sodium hypochlorite disinfection (2% 
NaOCl), either alone or with heat treatment (50°C/30 
min) in a water bath, also followed by the application of 
Patriot Gold®, a commercial preparation of Trichoderma 
asperellum strain TV1. Other treatments included: Patri-

Table 1. Treatments applied to elephant garlic cloves for the control of Fusarium spp. and Penicillium spp.

Treatment Application Company Active ingredient Dose Notes

Untreated control - - - - -
Sodium 
hypochlorite (2%) Immersion - Sodium hypochlorite - Immersion for 3 min in a water-

sodium hypochlorite (2%) solution

Sodium 
hypochlorite (2%) 
and heating

Immersion + 
heating - Sodium hypochlorite -

Immersion for 3 min in a water-
sodium hypochlorite (2%) solution, 
followed by immersion in water for 30 
min at 50°C

Sodium 
hypochlorite 
(2%), heating and 
Patriot Gold®

Immersion +
heating +
dressing

Sumitomo 
Chemical

Sodium hypochlorite +
Trichoderma asperellum
(TV1 strain, 1 × 106 UFC g-1)

0.01 g 6 mL-1

Immersion for 3 min in a water-
sodium hypochlorite (2%) solution 
followed by immersion in water for 30 
min at 50°C, and treated with Patriot 
Gold® (see below).

Patriot Gold® Dressing Sumitomo 
Chemical

Trichoderma asperellum
(TV1 strain, 1 × 106 UFC g-1) 0.01 g 6 mL-1 For each treatment, cloves were 

placed in a plastic bag containing 
the product. The plastic bags were 
gently shaken for 3 min to promote 
the maximum contact between the 
product and the cloves.

Signum® Dressing BASF Pyraclostrobin (6.7 g) +
boscalid (26 g) 0.09 g 6 mL-1

Celest Trio® Dressing Syngenta
Fludioxonil (25 g L-1) +
difenoconazole (25 g L-1) +
tebuconazole (10 g L-1)

4 mL 40 mL-1
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ot Gold®, without previous hypochlorite and heat treat-
ments, and the fungicides Signum® (pyraclostrobin + 
boscalid), or Celest Trio® (fludioxonil + difenoconazole + 
tebuconazole), applied at label rates by shaking cloves in 
solutions for 3 min, followed by 24 h at room tempera-
ture to dry (Table 1). Patriot Gold® and Signum® are cur-
rently registered in Italy for use on common garlic (Alli-
um sativum L.), onion (Allium cepa L.) and leek (Allium 
ampeloprasum L.). Celest Trio® is registered in Italy for 
treatment of cereal seeds against Fusarium. Each treat-
ment, including an untreated control, consisted of ten 
asymptomatic cloves (ten replicates). Each clove was 
planted in sterile peat in a plastic pot (8 × 8 × 9 cm) and 
maintained in a growth cabinet for 30 d at 22°C with a 
15 h light 9 h dark daily cycle. At 30 d after the treat-
ments, clove germination rate (%), shoot length (cm), 
shoot fresh weight (g) and shoot dry weight (g: obtained 
by placing the shoots in a drying oven at 50°C for 48 h) 
were measured. In addition, to evaluate effects of the dif-
ferent treatments on frequencies of Fusarium spp. and 
Penicillium spp. infections, fungal isolations were carried 
out for each clove from the four different components 
(tunic, basal plate, reserve tissue, and shoot) following 
the method described above, but because the cloves were 
sprouted, the first centimetre of each seedling was taken 
for the isolation procedure. Frequencies of isolations (n) 
of Fusarium spp. and Penicillium spp. were recorded.

Statistical analyses

All data were subject to one-way analysis of vari-
ance (ANOVA). In all cases, Tukey Honestly Significant 
Difference (HSD) (P ≤ 0.05) was used to assess pairwise 
treatment contrasts. All statistical analyses was car-
ried out using Microsoft Excel Macro “DSAASTAT” ver. 
1.0192 (Onofri and Pannacci, 2014).

RESULTS

Symptoms and signs on elephant garlic cloves

Different symptoms and signs were observed on the 
clove components (tunic, basal plate, reserve tissue, or 
shoot) of the six samples analysed (Table 2, Figure 2). On 
tunics (Table 2, Figure 2, a, b, and c), pink-purple spotting 
was detected on average on 28% of the 120 cloves ana-
lysed, and browning was detected on 45% of these cloves. 
Asymptomatic tunics were also detected (27%). Consider-
ing the average of the whole survey, no statistically signifi-
cant differences (P > 0.05) were detected between pink-
purple spotting, browning and asymptomatic tunics. On 

basal plates (Table 2, Figure 2, d, e, and f), grey mould 
signs (35% of cloves) were the most commonly detected, 
followed by symptoms of sponge-like rot (23%) and pink 
mould signs (13%). Of total cloves analysed 29% had 
asymptomatic basal plates. Also on the basal plates, no 
differences (P > 0.05) were detected between the differ-
ent symptom/sign categories recorded. On reserve tissues 
(Table 2, Figure 2, g, h and i), rot symptoms (soft watery, 
or dry) were very common (87% of the total number of 
cloves analysed and 100% of samples 2, 3 and 6). Black-
purple streaks (7%) or asymptomatic tissues were less 
frequent (present only in sample 5). In this clove com-
ponent, incidence (%) of rot symptoms was greater (P ≤ 
0.05) compared to black-purple streaks or no symptoms. 
On shoots (Table 2, Figure 2, j, k, and l), basal grey mould 
(15%) was the most detected sign followed by dry rot 
symptoms (3%) and white mould signs (2%). Asympto-
matic shoots were very common, detected in 81% of the 
total cloves analysed, more (P ≤ 0.05) than for samples 
with basal grey mould, dry rot or white mould.

Fungal communities associated with elephant garlic cloves

After 7 d of incubation on PDA, from all the clove 
components of the six clove samples (480), 66% of the 
total isolated fungi were morphologically identified as 
Penicillium, and 32% were identified as Fusarium (Figure 
3 a). Fungi not included in these two genera (“other gen-
era”), were isolated with incidence of 2% (Figure 3 a).

The average number of fungal isolates (n) belonging 
to Fusarium and Penicillium per analysed clove compo-
nent are shown in Figure 3 b. The average number of 
Fusarium isolates was greater (P ≤ 0.05) than Penicil-
lium only on the clove tunics. For the other clove com-
ponents (basal plates, reserve tissues, shoots) greater 
numbers (P ≤ 0.05) of Penicillium isolates than Fusarium 
isolates were obtained (Figure 3 b). The distribution of 
Fusarium across the four clove components showed the 
following gradient: tunic > basal plate > shoot ≥ reserve 
tissue (Figure 3 b). In contrast, the Penicillium distribu-
tion gradient decreased as follows: shoot > basal plate ≥ 
reserve tissue > tunic (Figure 3 b).

For the four clove components (tunic, basal plate, 
reserve tissue, shoot) of each of the six field clove sam-
ples (20 cloves per sample), there was no sample or clove 
component from which the two fungal genera (Fusarium 
or Penicillium) were not co-isolated, with the exceptions 
of the reserve tissue of clove sample 6 and the shoots of 
samples 5 and 6, where only Penicillium was obtained 
(Figure S1). Penicillium was the prevalent genus isolated 
from the shoots and reserve tissues in each sample (P ≤ 
0.05), while Fusarium was the prevalent genus (P ≤ 0.05) 
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Figure 2. Different symptoms and signs detected on elephant garlic cloves collected in 2019 in “Val di Chiana” area (Central Italy). Pink-
purple spotting (a, b) and browning (c) on bulb tunics; pink mould (d), grey mould (e) and sponge-like rot (f) on basal plates; black-purple 
streaks (g), soft watery rot (h), dry rot and grey mould (i) on reserve tissues; basal grey mould on shoots (j and k), and apparently healthy 
shoot (I; free of symptoms and signs).
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isolated from the tunics of three samples and from the 
basal plates of one sample (Figure S1). Generally, Fusar-
ium was isolated less (P ≤ 0.05) from shoots and reserve 
tissues of all the field samples compared to tunics and 
basal plates.

Identification of Fusarium and Penicillium species isolated 
from elephant garlic cloves

From the analysed elephant garlic cloves, a total of 
47 fungal isolates were collected as representatives of all 

the observed morphotypes. Of these isolates, 31 were 
morphologically identified as Fusarium spp. and 16 as 
Penicillium spp. This identification was also confirmed 
by BLAST analysis of the amplified regions (tef1α for 
Fusarium spp., BenA and CaM for Penicillium spp.).

Considering the Fusarium isolates, according to 
Crous et al. (2021), in the phylogram constructed on the 
sequences of the tef1α gene, two major clades emerged 
(Figure 4): the first included species of the Fusarium 
oxysporum species complex (FOSC), while the second 
clade included species of the Fusarium fujikuroj species 
complex (FFSC). In the FOSC clade, three main subclad-
es, here named as 1, 2 and 3, emerged (Figure 4). Subclade 
1 included most of the Fusarium isolates obtained in this 
study (16 isolates), which clustered together with reference 
isolates of Fusarium oxysporum f. sp. cepae (Table S2). 
Subclade 2 included only one isolate, which clustered with 
reference isolates of Fusarium oxysporum f. sp. lactucae. 
Subclade 3 included five isolates, which clustered with ref-
erence isolates of Fusarium oxysporum f. sp. dianthi. The 
FFSC clade included nine isolates which clustered with 
the reference isolate of F. proliferatum.

According to Houbraken and Samson (2011) and 
Visagie et al. (2014), in the phylogram constructed on 
the concatenated sequences of BenA and CaM genes of 
Penicillium isolates, four major clades emerged (Figure 
5). These were: clade A, which included species of the 
section Fasciculata; clade B, which included species of 
the section Chrysogena; clade C, of section Brevicom-
pacta; and clade D, of sections Exilicaulis and Citrina. 
Most of the isolates (13) clustered in clade A together 
with a reference strain of P. allii. Of the four remaining 
isolates, two clustered in clade C with reference isolates 
of P. brevicompactum, and one clustered in clade D with 
reference isolates of P. citrinum.

Thus, as indicated by BLAST and phylogenetic analy-
ses, the Fusarium and Penicillium communities isolated 
from elephant garlic cloves (tunics, basal plates, reserve tis-
sues, or shoots) were composed of three Penicillium species 
and two different Fusarium species (Figures 4, 5 and 6).

The Fusarium community (Figures 4 and 6 a) was 
mainly composed of F. oxysporum subclade 1 (56%), fol-
lowed by F. oxysporum subclade 3 (20%), F. proliferatum 
(19%) and F. oxysporum subclade 2 (5%). For the dif-
ferent clove components, F. oxysporum subclade 1 was 
the most isolated (P ≤ 0.05) from bulb tunics and basal 
plates. Fusarium oxysporum subclade 1 was also mainly 
isolated (but with no statistically significant differenc-
es with respect to the other species) from shoots and 
reserve tissues (Figure 6 a).

Fusarium oxysporum subclade 1 incidence showed 
differences (P ≤ 0.05) between the elephant garlic clove 

Figure 3. Incidence (%) of isolates of different fungal genera devel-
oped from sampled elephant garlic cloves (a), and distribution of 
the isolates of the two mainly obtained fungal genera (Fusarium or 
Penicillium) for each clove component (tunic, basal plate, reserve 
tissue, shoot) for all sampled cloves (n = 120) (b). Data were sub-
jected to one way analyses of variance (ANOVA), considering fun-
gal genera or clove component as the variables. Columns represent 
averages (± standard errors) of the number of isolates belonging to 
each fungal genus. Letters indicate differences (P ≤ 0.05) between 
fungal genera within each clove component (letters above error 
bars) or between clove components within a fungal genus (letters 
within columns).
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components, as follows: tunics > basal plates > shoots = 
reserve tissues. A similar trend was also observed for F. 
oxysporum subclade 3 (P ≤ 0.05: tunics ≥ basal plates ≥ 
shoots = reserve tissues), and for F. oxysporum subclade 
2 (P ≤ 0.05: tunics ≥ basal plates = shoots ≥ reserve tis-
sues). The pattern for F. proliferatum was slightly differ-
ent: tunics = basal plates ≥ shoots ≥ reserve tissues (P 
≤ 0.05).

The Penicillium community almost entirely includ-
ed P. allii (95%), which was the most (P ≤ 0.05) isolated 
species from all the four clove components. The other 
two isolated species, P. citrinum and P. brevicompactum, 
were less common (4% and 1%, respectively) (Figure 6 b). 
Penicillium allii was the most commonly isolated from all 
the four clove components, but a pattern (P ≤ 0.05) was 
recorded: shoots > basal plates = reserve tissues > tunics. 
The incidences of isolation from tunics, basal plates, 
reserve tissues and shoots of the other three species were 
not significantly different (P > 0.05). However, P. allii, P. 
brevicompactum and P. citrinum were not different (P > 
0.05) for the numbers of colonies isolated from the four 
components of assessed elephant garlic cloves.

The number (n) of Fusarium isolates ascribable to 
the different species/subclades is shown in Figure S2 a. 
Fusarium proliferatum, and F. oxysporum subclades 1, 2 
and 3 were simultaneously isolated only from the clove 
tunics of samples 1 and 2, and from the basal portions 
of sample 2, with no differences (P > 0.05) in average 
incidence. Fusarium oxysporum subclade 1 was the only 
isolated subclade from the basal plates of the six differ-
ent field samples, but also from all the portions of sample 
6. Fusarium proliferatum and F. oxysporum subclades 1, 2 
and 3 did not show differences (P > 0.05) in incidence in 
the reserve tissues and shoots of the six field samples.

For Penicillium (Figure S2 b), P. allii was the only 
species isolated from all the examined clove components 
of the six field samples. In addition, P. citrinum was iso-
lated from all the analysed portions of sample 4, and P. 
brevicompactum from the tunics of samples 5 and 6.

Pathogenicity and virulence of Fusarium and Penicillium 
isolates on elephant garlic cloves

All Fusarium and Penicillium isolates used in the 
pathogenicity tests showed abilities to cause rot symp-

Figure 4. Phylogeny of Fusarium isolates obtained in this study. 
The evolutionary history of Fusarium isolates was inferred using the 
Neighbor-Joining method (Saitou and Nei, 1987) and the dataset of 
partial translation elongation factor 1α (tef1α) gene sequences. The 
optimal tree with the sum of branch length = 1.36523273 is shown. 
The percentages of replicate trees in which the associated taxa clus-
tered together in the bootstrap test (1000 replicates) are shown next 
to the branches (Felsenstein, 1985). The tree is drawn to scale, with 
branch lengths in the same units as those of the evolutionary dis-
tances used to infer the phylogenetic tree. The evolutionary distances 
were computed using the Maximum Composite Likelihood method 
(Tamura et al., 2004), and are in the units of the number of base 
substitutions per site. The analysis involved 51 nucleotide sequenc-
es. All positions containing gaps and missing data were eliminated. 
There was a total of 490 positions in the final dataset. Evolutionary 
analyses were conducted in MEGA7 (Kumar et al., 2016).
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toms in elephant garlic cloves, so these fungi were 
shown to be pathogenic towards this crop (Figure 
7). However, the tested isolates showed differences in 
ability to cause clove rots (Figure 7). A gradient in VI 
was evident for the pathogens (Figure 8), as P. allii > 
P. brevicompactum ≥ F. proliferatum ≥ P. citrinum = 
F. oxysporum subclade 1 ≥ F. oxysporum subclade 3 ≥ 
F. oxysporum subclade 2 = experimental control (nil 
inoculation). The P. allii isolate showed greatest viru-
lence (P ≤ 0.05) compared to the isolates of the other 
fungi (Figures 7 and 8). Penicillium brevicompactum 
(Figures 7 and 8) and F. proliferatum (Figures 7 and 8) 
were more virulent than F. oxysporum subclade 2 (P ≤ 
0.05).

Strategies for the control of Fusarium and Penicillium on 
elephant garlic cloves

At 30 days after application, the tested treatments 
(Table 1) did not affect (P > 0.05) garlic clove germina-
tion rates compared to the untreated controls (data not 
shown). No differences (P > 0.05) were observed between 
control or treated cloves for mean shoot length, fresh 
weight, or dry weight (data not shown). However, the 
treatments gave different effects on isolation frequency 
of Fusarium and Penicillium from the cloves. There were 
no differences (P > 0.05) in frequency of isolations of 
Fusarium spp. from all the clove components between 
the untreated control, and treatments of Celest Trio®, 
sodium hypochlorite, sodium hypochlorite + heat treat-
ment, or sodium hypochlorite + heat treatment + Patriot 

Figure 5. Phylogeny of Penicillium isolates obtained in this study. 
The evolutionary history of Penicillium isolates was inferred using 
the Neighbor-Joining method (Saitou and Nei, 1987) and the com-
bined dataset of partial β-tubulin (BenA) and calmodulin (CaM) 
genes sequencing. The optimal tree with the sum of branch length 
= 1.04059653 is shown. The percentages of replicate trees in which 
the associated taxa clustered together in the bootstrap test (1000 
replicates) are shown next to the branches (Felsenstein, 1985). The 
tree is drawn to scale, with branch lengths in the same units as 
those of the evolutionary distances used to infer the phylogenetic 
tree. The evolutionary distances were computed using the Maxi-
mum Composite Likelihood method (Tamura et al., 2004) and are 
in the units of the number of base substitutions per site. The analy-
sis involved 25 nucleotide sequences. All positions containing gaps 
and missing data were eliminated. There was a total of 547 posi-
tions in the final dataset. Evolutionary analyses were conducted in 
MEGA7 (Kumar et al., 2016).

Figure 6. Fusarium species/subclades and Penicillium species 
isolated from different elephant garlic clove components from 
six analyzed field samples. Incidence (%) of the isolated species/
subclades, as identified by partial translation elongation factor 1α 
sequencing of Fusarium (a), or by β-tubulin (BenA) and calmodu-
lin (CaM) partial gene sequencing of Penicillium (b), are shown in 
the pie charts. Columns of the histograms represent the Fusarium 
(a) and Penicillium (b) community compositions, expressed as the 
average number of isolates (n) of different species/subclades that 
developed on PDA from each analysed elephant garlic clove com-
ponent.
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Gold® (Figure 9 a). Only two treatments, Patriot Gold® 
and Signum®, gave reduced frequency of Fusarium spp. 
isolations (P ≤ 0.05) compared with the untreated con-
trol (Figure 9 a). In comparison to the untreated control, 
frequency of isolations of Penicillium spp. was reduced 
(P ≤ 0.05) by all the treatments except sodium hypochlo-
rite (Figure 9 b), with no difference (P > 0.05) between 
the other treatments.

DISCUSSION

The elephant garlic cloves analyzed in this survey 
showed different symptoms or signs on their four clove 
components (tunics, basal plates, reserve tissues and 

shoots). Some of these symptoms or signs have previous-
ly been described in elephant garlic cloves (Besoain et al. 
2002; Ignjatov et al. 2019). In addition, some of the symp-
toms or signs detected in the present study have been pre-
viously described on common garlic cloves (Schwartz and 
Mohan, 2006; Tonti et al., 2012; Gálvez and Palmero, 2021; 
Horáková et al., 2021; Le et al., 2021; Gálvez and Palmero, 
2022). Comparing the symptoms and signs detected in the 
analyzed cloves with those previously described for ele-
phant and common garlic, there was high probability that 
the material assessed here was infected by Fusarium and 
Penicillium species (Gálvez and Palmero, 2021).

Fusarium and Penicillium have also been reported to 
be associated with asymptomatic cloves of common gar-
lic (Mondani et al., 2021b). Similarly, also in the present 

Figure 7. Symptoms of dry rot on elephant garlic cloves and related sections, at 30 d after fungal inoculations (two mycelial plugs on each 
clove, taken from 7-d-old cultures grown on potato dextrose agar). Each image is representative of four replicates (cloves). Control (a), 
Fusarium proliferatum (F 88)  (b), F. oxysporum subclade 1 (F 129) (c), F. oxysporum subclade 2 (F 125) (d), F. oxysporum subclade 3 (F 42) 
(e), Penicillium allii (P 104) (f), P. citrinum (P 41) (g), and P. brevicompactum (P 150) (h).
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survey, fungi morphologically identified as Penicillium 
and Fusarium were isolated both from symptomatic and 
asymptomatic components of elephant garlic cloves.

Molecular and phylogenetic analyses confirmed the 
morphological identifications and allowed definition of 
the fungal species involved.

Penicillium was the prevalent genus, and Penicil-
lium isolates were obtained from all the analyzed clove 
components, with low occurrence in the clove tunics, 
probably due to the low free water content of these tis-
sues, making them less suitable for Penicillium infections 
(Abellana et al., 2001) than the other three, more hydrat-
ed, clove components.

Among the three identified Penicillium species, P. 
allii predominated as isolated from all the analyzed 
elephant garlic clove components collected in “Val di 
Chiana”. The strong predominance of this species was 
detected also in a previous survey carried out on com-
mon garlic in Argentina (Valdez et al., 2009). Penicillium 
allii is the causal agent of green rot or blue mould of 
common garlic, and has been reported in several coun-
tries (Valdez et al., 2006; Dugan, 2007; Moharam et al., 
2013; Gálvez and Palmero, 2021). This species is also 

considered the most aggressive Penicillium spp. affecting 
common garlic in the field and during storage (Overy et 
al., 2005a; 2005b; Valdez et al., 2009). Penicillium allii 
was also isolated also from soil in Egypt (Vincent and 
Pitt, 1989).

Penicillium citrinum and P. brevicompactum were 
the other Penicillium spp. isolated from cloves analyzed 
in the present study. Penicillium citrinum is of broad 
geographic distribution, and causes postharvest rots 
on a wide range of hosts (Wang et al., 2014; González-
Estrada et al., 2017; Coutinho et al., 2020; Onaebi et al., 
2020; Khan and Javaid, 2023). In addition, P. citrinum 
has been isolated from different substrates including soil, 
and has been reported as a common endophytic fun-
gus of wheat and soybean (Samson et al., 2004; Khan 
et al., 2008). Penicillium brevicompactum is very widely 
distributed, especially because of its xerophytic nature 
(Pitt and Hocking, 1997). This could explain its presence 
only on the tunics of the elephant garlic cloves analyzed 
in the present study. This fungus has been reported as a 
weak pathogen on several fruit types (Overy and Fris-
vad, 2005), and was isolated from common garlic cloves 
in Argentina (Valdez et al., 2009).

Figure 8. Mean virulence indices for Fusarium proliferatum (F 88), F. oxysporum subclade 1 (F 129), F. oxysporum subclade 2 (F 125), F. 
oxysporum subclade 3 (F 42), Penicillium allii (P 104), P. citrinum (P 41), and P. brevicompactum (P 150), on elephant garlic cloves at 30 days 
post inoculation. Control cloves were treated with sterile potato dextrose agar plugs. Each column represents the average (± standard error) 
of four biological replicates, each composed of two cloves with two wounds. Values accompanied by the same letter are not significantly dif-
ferent (P ≤ 0.05), based on Tukey Honestly Significant Difference multiple comparison tests.
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All Penicillium species isolated from elephant gar-
lic cloves ready to be used as planting material in “Val 
di Chiana” have also been isolated from soil (Vincent 
and Pitt, 1989; Frisvad and Samson, 2004; Samson et 
al., 2004; Khan et al., 2008; Min et al., 2019). Therefore, 
Penicillium inoculum could infect elephant garlic cloves 
from the soil, and the pathogens could further develop 
during storage, particularly when environmental condi-
tions are unsuitable for bulb conservation. Penicillium 
allii, the most isolated species in the present survey, 
was previously classified as a “field” pathogen, and not 
as a “storage” pathogen, of common garlic (Valdez et 
al., 2006). Moreover, P. citrinum was isolated only from 
cloves of a sample obtained from a field where the pre-
ceding crop was wheat, which is a commonly reported 
host for P. citrinum (Kaur and Saxena, 2023). These 
results indicate that the use of infected cloves as plant-
ing material and/or preceding crop residues provide or 
increase Penicillium inoculum in soil. The results also 
underline the importance of crop rotations that avoid 
cultivation of Allium ampleoprasum var. holmense after 
other Allium spp., as well as well-proven hosts of these 
pathogens.

Penicillium spp. were more frequently isolated than 
Fusarium spp. from elephant garlic clove components. 

Fusarium infections may have resulted from soil inocu-
lum, this fungal genus was isolated more frequently from 
clove components (tunics and basal plates) in contact 
with the soil. The basal plates were indicated, togeth-
er with roots, as the most important infection sites of 
Fusarium spp. causing Fusarium basal rot (FBR) (also 
known as Fusarium dry rot) on common garlic cloves 
(Le et al., 2021). This is because FBR is also a “soil-borne” 
disease, and the causal agents can survive as chlamydo-
spores or as saprophytes in crop residues (Le et al., 2021). 
However, FBR is not only a “soil-borne” disease and 
the soil may not be the major reservoir of inoculum, 
because, for example, F. proliferatum, one of the FBR 
causal agents, does not form chlamydospores (Elmer et 
al., 1999). Fusarium inoculum, from soil or from planting 
material, is important for causing field infections, while 
latently infected garlic cloves mainly contribute to post-
harvest rots of Allium spp. (Stankovic et al., 2007; Gálvez 
et al., 2017a; Le et al., 2021;), also compromising qual-
ity of planting material. This can become an additional 
source of inoculum in the field (Le et al., 2021).

Fusarium oxysporum was the most isolated Fusari-
um species, followed by F. proliferatum. As reported in 
common garlic (Stankovic et al., 2007; Mondani et al., 
2021a), these two Fusarium spp. frequently co-occur in 

Figure 9. Frequency (n) of Fusarium spp. (a) and Penicillium spp. (b) isolations from clove components (tunics, basal plates, reserve tissues or 
shoots) for untreated (Control) or treated naturally infected elephant garlic cloves. Each column represents the average (± standard error) for 
ten cloves. Different letters indicate differences (P ≤ 0.05), based on Tukey Honestly Significant Difference multiple comparison tests.
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garlic cloves (Le et al., 2021; Gálvez and Palmero, 2022).
Fusarium proliferatum is a well-known FBR patho-

gen of common garlic and onion crops (Mahmoody, 
1998; Dugan et al., 2003; Stankovic et al., 2007; Palmero 
et al., 2010; Sankar and Prasad Babu, 2012; Tonti et al., 
2012; Fuentes et al., 2013; Salvalaggio and Ridao, 2013; 
Ignjatov et al., 2017; Leyronas et al., 2018). In most cas-
es, F. proliferatum has been the predominant Fusarium 
species associated with FBR in common garlic (Chrétien 
et al., 2021; Gálvez and Palmero, 2022). In addition, F. 
proliferatum has also been reported from elephant gar-
lic in Serbia (Ignjatov et al. 2019). Due to its polypha-
gous behaviour, F. proliferatum has been reported as a 
cosmopolitan pathogen of many important crop plants 
(Gálvez and Palmero, 2022). For this reason, inoculum 
of this fungus is likely to be present in field soils. Some 
hosts (maize, wheat, potato, and sunflower) can serve 
as inoculum sources (Molinero-Ruiz et al., 2011), and 
severe F. proliferatum infections can be expected in sus-
ceptible crops such as garlic types. These aspects should 
be considered by elephant garlic growers, to define the 
rotations within their cropping systems. Assessment 
would be worthwhile of the ability of F. proliferatum 
strains detected from elephant garlic to cause disease 
in other hosts. Fusarium proliferatum can also biosyn-
thesize mycotoxins, such as fumonisins, that can induce 
toxic effects in humans (Kamle et al., 2019). Elephant 
garlic cloves, even though in small quantities, are used 
for human consumption, so it is important that accumu-
lation of mycotoxins is monitored, as has already been 
investigated in common garlic (Tonti et al., 2017).

Fusarium oxysporum was also isolated in the present 
study with high incidence from elephant garlic cloves. 
This fungus has already been reported in elephant gar-
lic in Chile (Besoain et al., 2002). Identifications based 
on tef1α showed that F. oxysporum isolates obtained in 
the present study were in three subclades, most closely 
associated with f. sp. cepae, f. sp. dianthi or f. sp. lactu-
cae. However, further study is required, particularly of 
isolate gene sequences, to ascribe these isolates to dif-
ferent formae speciales (El-Komy et al., 2023). Fusarium 
oxysporum is a soil-borne pathogen, well-known as an 
FBR agent in different Allium spp. including onion, com-
mon garlic and shallot (Schwartz and Mohan, 2006; Sin-
tayehu et al., 2011; Mondani et al., 2021a; Gálvez and 
Palmero, 2022). Mondani et al. (2021a) conducted a sur-
vey of common garlic basal plates from bulbs cultivated 
in Northern Italy, and showed that F. oxysporum was 
favoured by dry weather, differently from F. proliferatum 
which was favoured by rain.

Representative isolates of each Penicillium and 
Fusarium species were shown to be pathogenic on ele-

phant garlic cloves. The inoculation technique adopted, 
as described elsewhere (Dugan et al., 2007; Ignjatov et 
al., 2019), is invasive to host tissues, so did not allow ver-
ification of relationships between the pathogen species 
and associated host symptoms. For this purpose, further 
study is required, including inoculating spore suspen-
sions directly onto cloves or into soil.

In the experimental conditions used in the present 
study, P. allii was the most virulent fungus followed by 
P. brevicompactum, F. proliferatum and F. oxysporum. 
The greater virulence of P. allii in comparison to Fusari-
um spp. (Gálvez and Palmero, 2021), or other Penicillium 
spp. (Overy et al. 2005a and 2005b; Valdez et al. 2009) 
has been previously reported for common garlic. Also in 
elephant garlic cloves, P. hirstum had greater virulence 
than F. oxysporum (Besoain et al., 2002). The greater 
aggressiveness of P. allii could be attributed, as already 
suggested by Valdez et al. (2009), to the ability of this 
fungus to utilize enzymatic digestion of host cell wall 
polymers.

Appropriate disease management strategies are 
required for elephant garlic, but no management proto-
cols are currently available for this “niche” crop in Italy, 
which is cultivated in a limited area. Farmers adapt to 
elephant garlic control methods for similar crops, such 
as common garlic, onion, or leek. Since fungal patho-
gens can reach the field also through infected garlic 
cloves used as planting material, a first step to reduce 
pathogen inoculum added to soil from infected plant-
ing material could be clove disinfection. The present 
study tested different disinfection treatments. Among 
these, the products Signum® and Patriot Gold® showed 
efficacy for control of Penicillium spp. and Fusarium 
spp. Instead, Celest Trio® and sodium hypochlorite (2%), 
combined with heat treatments, or with heating and 
Patriot Gold®, reduced Penicillium spp. only.

Several studies have assessed effectiveness of chemi-
cal treatments for reducing Fusarium occurrence in 
crops similar to elephant garlic, including common 
garlic. These studies demonstrated effectiveness of sev-
eral fungicide active ingredients, including benomyl 
(Dugan et al., 2007), carbendazim, metalaxyl + manco-
zeb, tiophanate-methyl (Elshahawy et al., 2017), propi-
conazole + prochloraz, or tebuconazole (Mondani et 
al., 2021c; 2022), for reducing F. proliferatum and F. 
oxysporum growth in vitro and/or isolation frequencies 
in vivo. However, authorization for the use of some of 
these active ingredients (benomyl, carbendazim, propi-
conazole and prochloraz) has been recently revoked by 
the European Commission. Interest in biofungicides in 
crop protection has rapidly increased (Chandler et al., 
2011). For example, Bacillus subtilis and Streptomyces 
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griseoviridis showed the promise for control of F. pro-
liferatum comparable to that from chemicals on com-
mon garlic cloves. In contrast, Trichoderma harzianum 
+ T. gamsii, which showed potential for reducing in 
vitro growth of F. proliferatum and F. oxysporum, was 
not fully confirmed for reducing disease in vivo (Mon-
dani et al., 2021c). However, B. subtilis or T. harzianum 
+ T. gamsii based products have yet to be authorized 
for use on common garlic, onion, or leek in Italy, and 
therefore their use cannot be extended to elephant gar-
lic. The heat treatment in the experimental conditions 
used in the present study did not negatively affect plant 
emergence from treated garlic cloves. Application of 
thermotherapy (using hot water) could be deleterious 
to emergence, if combinations of temperature and time 
are not carefully assessed. When this technique was 
assessed for common garlic, its practical application 
was considered to be difficult, and effectiveness could 
decrease if pathogen mycelium had entered host clove 
lesions (Palmero Llamas et al., 2013). The present study 
recorded efficient control of Fusarium spp. and Penicilli-
um spp. with Patriot Gold® and Signum® (both currently 
approved in Italy for use on common garlic, onion, or 
leek, and therefore potentially extendable for use on ele-
phant garlic). Therefore, these treatments are likely to be 
for managing these increasingly threatening pathogens 
of elephant garlic cloves.

In conclusion, the present study was the first to 
focus on phytosanitary problems of elephant garlic 
cultivated in Italy, and was a preliminary assessment 
of possible disease management solutions. Choice of 
healthy, symptom/sign-free cloves remains the first step 
for producing healthy crops. However, since Fusarium 
and Penicillium were also isolated from symptom/sign-
free garlic cloves, application of disinfection methods is 
the second, and necessary, step as common practice for 
elephant garlic cultivation. The preliminary, positive dis-
ease control results obtained should be further investi-
gated and confirmed. The several current and registered 
active ingredients (both chemical and microbiological) 
could be accompanied or replaced by new solutions, 
making an evolving phytoiatric scenario for elephant 
garlic production.
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Mixed infections of Tomato yellow leaf curl New 
Delhi virus and a ‘Candidatus Phytoplasma 
asteris’ strain in zucchini squash in Italy
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zale Enrico Fermi 1, 80055 Portici (NA), Italy
*Corresponding author. E-mail: giuseppe.parrella@ipsp.cnr.it

Summary. A new disease syndrome of zucchini squash was observed in Southern Ita-
ly, in 2018 and again in 2020. Affected plants were severely stunted and leaves were 
bent downwards, small, stiff, thick, leathery, and had interveinal chloroses. In addition, 
flowers were virescent and fruits were deformed and often cracked. Disease incidence 
was 20 and 30% in two different zucchini cultivations in Campania region (Southern 
Italy). Tomato yellow leaf curl New Delhi virus (ToLCNDV) was detected in eight sam-
ples, by loop-mediated isothermal amplification–based (LAMP) kit and by PCR and 
Sanger sequencing of the AV1 gene. Phytoplasmas were detected in the same samples 
using nested PCR assays with primer pairs P1/P7 and R16F2n/R16R2. Phytoplasma 
associations in plant samples were confirmed using specific primers for the multilo-
cus genes SecY, tuf and rp. Sequence comparison of multilocus genes and phylogenet-
ic analyses of the 16S rDNA gene confirmed the association of a phytoplasma strain 
closely related to ‘Candidiatus Phytoplamsa asteris’. This is the first report of mixed 
infections of ToLCNDV and a putative ‘Ca. Phytoplamsa asteris’ strain in zucchini, 
associated with a new Squash-Phytoplasma-Begomovirus (SqPB) disease syndrome.

Keywords. Aster yellows phytoplasma, ToLCNDV, Cucurbita pepo, mixed infection.

INTRODUCTION

Tomato leaf curl New Delhi virus (ToLCNDV), a bipartite begomo-
virus, was first reported to infect tomato in 1995 in India (Padidam et al., 
1995). During the last 20 years ToLCNDV has emerged as an important 
pathogen, and has spread rapidly in  Cucurbitaceae in the Mediterranean 
area, where zucchini crops have been most affected. The disease caused by 
ToLCNDV is often epidemic, thanks to the presence of its efficient vector, 
the whitefly Bemisia tabaci (Bertin et al., 2018; Parrella et al., 2018; Panno 
et al., 2019; Bertin et al., 2021). ToLCNDV-infected zucchini squash plants 
showed typical symptoms, including stunting, severe leaf-curling, yellow 
mosaic and vein swelling of young leaves, rough skin and reduced size of 
fruit. Some of these symptoms are similar to those associated with phyto-
plasma infections.
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In 2018, during field monitoring for cucurbit virus-
es, an unusual syndrome was observed on zucchini 
squash plants in a field in Campania region (southern 
Italy). This syndrome was observed again in 2020, in 
a zucchini field located approx. 100 km from the 2018 
observation. Symptoms consisted of severe stunting of 
the affected plants, while leaves were bent downwards, 
stiff, thicker than normal, with leathery texture, and 
showed interveinal chloroses and reduced leaf area. 
Young leaves were slightly chlorotic (yellowish) (Fig-
ure 1A). These symptoms were like those previously 
associated with ToLCNDV on zucchini in southern 
Italy (Panno et al., 2019). However, additional symp-
toms were observed during fruit set including reduc-
tions in fruit size, and fruits were also deformed and 
often cracked. Flowers were virescence, which could be 
attributed to phytoplasma infections (Figure 1B). These 
field observations implied simultaneous infections of 
ToLCNDV and an unknown phytoplasma. This syn-
drome was first observed on zucchini plants in Italy, 
which is referred to as Squash-Phytoplasma-Begomov-
irus (SqPB).

MATERIALS AND METHODS

Two 1000 m2 zucchini fields, one in 2018 and one 
in 2020, both with diseased plants and located in the 
Campania region of southern Italy, were selected for 
sample collection and analysis of disease incidence. The 
two fields were 100 km apart. The percentage incidences 
of SqPB was assessed by counting the number of plants 

with SqPB symptoms out of total number of plants 
observed in each field, using the following formula:

One SqPB diseased plant was randomly collected 
within each of four 1 m2 plots on a diagonal transect 
across each of the two 1000 m2 zucchini fields. Thus, 
four symptomatic SqPB plants and four asymptomatic 
plants were chosen from each field for laboratory analy-
ses. Samples (one leaf per plant) were analyzed by dou-
ble antibody sandwich ELISA with a commercial kit 
(Bioreba AG) for  cucumber mosaic virus  (CMV) and 
by indirect plate trapped antigen ELISA for potyviruses 
(potygroup test). ToLCNDV testing was carried out first, 
using a specific commercial loop-mediated isothermal 
amplification–based (LAMP) kit (Enbiotech). Total DNA 
was extracted from virescent flowers of the eight symp-
tomatic plants following previously described methods 
(Parrella et al., 2008). Nucleic acid samples diluted in TE 
buffer [10 mM Tris-HCl, 1 mM EDTA (pH 8.0)] to give 
a final concentration of 20-60 ng µL-1 were employed in 
PCR reactions, as described by Schaff et al. (1992). For 
ToLCNDV detection by PCR, the specific primer pair 
for the AV1 gene was used, as described by Parrella et al. 
(2018). For phytoplasmas detection, direct PCR ampli-
fication was carried out using the universal primer pair 
P1/P7 (Deng and Hiruki, 1991; Schneider et al., 1995) 
to amplify the 16S rDNA, the spacer region and part 
of the 23S region, followed by nested-PCR with prim-
ers R16F2n/R16R2 (Gundersen and Lee, 1996) on P1/
P7 amplicons diluted 1:30, and following procedure 
described previously (Parrella et al., 2008; Parrella et 

A B

Figure 1. The previously unreported Squash-Phytoplasma-Begomovirus (SqPB) disease syndrome that was observed on zucchini plants 
doubly infected with tomato leaf curl New Delhi virus (ToLCNDV) and a phytoplasma related to 16Sr-IB strain. A) yellowish young leaves 
and virescence of the flowers; B) deformed and cracked fruits with virescent flowers, compared to a healthy fruit and flower (on the left).
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al., 2014). The AYsecYF1/AYsecYR1 primers (Lee et al., 
2006) were used to amplify the secY gene, the fTufu/
rTufu primers (Schneider and Gibb, 1997) to amplify 
the tuf gene, and the rpF1/rpR1 (Lim and Sears, 1992) 
to amplify the rp gene, in direct PCR assays. Positive 
and negative controls, including a no template control, 
were included in all ELISA and PCR assays. The poty-
virus-positive control were the isolate PAC-1 of BYMV 
(Parrella and Lanave, 2009), and the phytoplasma posi-
tive control was the isolate CATA-IT1 of Catharan-
thus roseus 16Sr-IB phytoplasma (Parrella et al., 2008). 
Amplicons of the ToLCNDV AV1 gene and of each of 
the four phytoplasma genes from each positive plant 
sample were purified using the Wizard® SV Gel and PCR 
Clean-Up System (Promega), and were then directly 
Sanger sequenced twice on both directions. Multiple 
sequence alignments of 16S rDNA from different Candi-
datus Phytoplasma species (Ca. P.) and of the AV1 gene 
from ToLCNDV-ES/ToLCNDV-In isolates were conduct-
ed using Muscle (Edgar, 2004) implemented in MEGA11. 

Phylogenetic trees were constructed using the best fit 
model for each alignment, using the maximum likeli-
hood (ML) method in the MEGA11 (Tamura et al., 2021) 
with 500 bootstrap replicates. The trees were drawn to 
scale, with branch lengths measured as the number of 
substitutions per site.

RESULTS AND DISCUSSION

Incidence of the SqPB was estimated at 20% in the 
field inspected in 2018, and at 30% in the second field 
inspected in 2020. No positive reactions were observed for 
all the samples analyzed by ELISA for the search of CMV 
and potyviruses. All eight SqPB syndrome leaf samples 
tested positive to ToLCNDV by LAMP, while the eight 
symptomless samples tested negative for ToLCNDV. The 
presence of ToLCNDV was further confirmed in the eight 
positive samples, using the ToLCNDV AV1 gene PCR 
assay. The nucleotide sequences of AV1 gene amplicon 

A B

←

ToLCNDV-ES

ToLCNDV-In ←

Figure 2. A) Phylogenetic analyses based on ToLCNDV coat protein gene of different virus isolates from the Mediterranean area (ToLCNDV-
ES) and Asia (ToLCNDV-In). Evolutionary analyses were conducted in MEGA 11 (Tamura et al., 2021), using the Maximum Likelihood 
method and Tamura-Nei model (Tamura and Nei, 1993), with 500 bootstrap replicates. The percentage of trees in which the associated taxa 
clustered together is shown next to the branches for values >70%. The ToLCNDV isolate from double-infected zucchini (indicated in the tree 
with a red arrow) groups together with four other isolates identified in the same Italian region (Campania) belonging to the subgroup I (red 
box), as described by Troiano and Parrella (2023), and within the ToLCNDV-ES major clade. The green box groups the ToLCNDV isolates 
belonging to subgroup II (isolates from Spain and Lazio, central Italy) within the ToLCNDV-ES major clade. B) Phylogenetic tree based on 
phytoplasma 16S rDNA, using the Maximum Likelihood method and Tamura-3 parameter model (Tamura and Nei, 1993), with 500 boot-
strap replicates. The tree shows relationships among ‘Candidatus Phytoplasma’ species (Ca. P.). GenBank accession numbers are specified in 
the tree together with ribosomal group or subgroup indications (the position of the phytoplasma isolate is indicated with a red arrow).
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obtained from the eight symptomatic plants were identical. 
A BLASTN search showed that they were also identical 
(100% nucleotide similarity) to the sequence of the ToLC-
NDV Italian isolate Caa-164/16 from pepper (MK732932), 
which belongs to the ToLCNDV-ES subgroup I (Troiano 
and Parrella, 2023). This was confirmed by the phylogenet-
ic analyses (Figure 2A). The 1049 bp sequence was submit-
ted to NCBI (GenBank Acc. No. PP079219).

Amplicons of the expected size for the 16S rDNA, 
tuf, SecY and rp gene assays were produced only from 
all eight plants showing the SqPB syndrome. Sanger 
sequences were 100% identical among each gene and 
99-100% identical to the related sequences of ’Ca. P. 
asteris’ strain RP166 (CP055264), a phytoplasma in the 
16SrI-B Aster yellows group and associated with rape-
seed phyllody (Cho et al., 2020). This was confirmed by 
the phylogenetic analyses (Figure 2B). Sequences of each 
gene were submitted to NCBI (accession nos. PP083730 
for 16S rDNA; PP079220 for SecY; PP079221 for tuf; 
PP079222 for rp).

Mixed infections of phytoplasmas and begomo-
viruses have been reported in different vegetable crops 
from other countries. These reports include: in tomato 
and pepper in Mexico (Cardenas-Conejo et al., 2010; 
Lebsky et al., 2011); in chickpea, eggplant, tomato, pep-
per and Withania somnifera in India (Swarnalatha  and 
Reddy, 2014; Singh et al., 2015; Venkataravanappa et al., 
2018; Reddy et al., 2021; Tiwari et al., 2022); in common 
bean in Cuba (Zamora et al., 2021); in tomato in Saudi 
Arabia (Sohrab et al., 2016); and in many ornamen-
tal crops (Ahmad and Khan, 2021). The present study 
results represent the first evidences of mixed infections 
of the whitefly-transmitted Begomovirus ToLCNDV and 
a 16SrI-B group related phytoplasma in diseased zucchi-
ni squash, and in Italy. The presence of both pathogens 
in zucchini squash in Campania it not surprising, since 
ToLCNDV infects zucchini in the region and ‘Ca. P. ast-
eris’ is widespread in Italy (Panno et al., 2019).

The effects of possible interactions between viruses 
and phytoplasmas have not yet been studied in detail in 
mixed infections. Phytoplasmas belonging to the aster 
yellows group are probably one of the most diverse and 
widespread groups (Lee and Davis, 2000). ToLCNDV 
has also become an endemic virus on cucurbits grown 
in countries in the Mediterranean Basin, partly due to 
the invasion into new areas of its efficient vector, the 
whitefly Bemisia tabaci (Panno et al., 2019; Bertin et al., 
2018). Generalized yellowing caused by ToLCNDV infec-
tions in zucchini could be attractive to different sucking 
insects, including the leafhoppers that transmit phyto-
plasmas (Shi et al., 2020). Conversely, if ‘Ca. P. asteris’ 
causes yellowing in zucchini squash, this could further 

attract ToLCNDV infectious whiteflies (Johnston and 
Martini, 2020). Mixed infections may enhance disease 
severity and yield losses compared to those of single 
infections. Hence, interactions between phytoplasmas 
and viruses should be studied in more detail, especially 
in vegetable crops and from epidemiological and patho-
gens interaction viewpoints.
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Reactions of Citrullus amarus and Cucumis 
metuliferus to Meloidogyne chitwoodi, 
Meloidogyne enterolobii and Meloidogyne luci
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Summary. Meloidogyne chitwoodi, M. enterolobii, and M. luci are present in some EU 
countries, with restricted distributions, and plant resistance can be used to manage 
these nematodes. Two pot experiments were conducted under controlled conditions 
for 56 d to assess the host suitability of two potential rootstocks, Cucumis metuliferus 
BGV11135 and Citrullus amarus BGV5167, to one isolate of each nematode. The sus-
ceptible cucumber (Cucumis sativus) ‘Dasher II’, watermelon (Citrullus lanatus) ‘Sugar 
Baby’ and tomato (Solanum lycopersicum) ‘Coração-de-Boi’ were included for compari-
sons. A histopathological study using confocal-laser microscopy was also conducted 15 
d after nematode inoculations. In the pot test, the rootstocks showed lower numbers of 
galls, egg masses, and eggs per plant than their susceptible ones. Reproduction indices 
of the rootstocks varied from immune to moderately resistant, depending on the iso-
late-rootstock combination. In the histopathological study, M. enterolobii and M. luci 
induced similar numbers of giant cells (GC) per feeding site in all germplasms. How-
ever, GC volumes and numbers of nuclei in rootstocks were lower than in the sus-
ceptible germplasms. GCs induced by  M. chitwoodi  were only detected in suscepti-
ble cucumber. These results emphasize the potential of C. metuliferus and C. amarus 
as effective, eco-friendly strategies for managing root-knot nematodes, and show the 
complex these host-pathogen interactions.

Keywords. Histopathology, plant resistance, root-knot nematodes, rootstocks.

INTRODUCTION

Plant-parasitic nematodes (PPN) have significant economic impacts 
on agriculture (Jones et al., 2013), leading to diminished crop yields qual-
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ity (Elling, 2013). Meloidogyne spp., commonly known 
as root-knot nematodes (RKN), are obligate sedentary 
endoparasites of roots of many plant species, and are 
responsible for approx. half of crop yield losses attrib-
uted to PPN (Bent et al., 2008). In a compatible host, 
the RKN trigger formation of multinucleated giant cells 
(GC), from which the nematodes obtain the nutrients for 
development. RKN induce formation of host root galls, 
disrupting the uptake of water and nutrients and causing 
nonspecific symptoms in aerial plant parts, including 
stunting, nutrient deficiency, epinasty, and plant death, 
at high nematode population densities in soil. Disease 
severity depends on soil nematode population density at 
sowing or transplanting, and on host species and culti-
var, cropping season, soil texture and presence of poten-
tial nematode antagonists (Sorribas et al., 2020). Con-
versely, when compatibility between the host plant and 
the nematode is suboptimal, GCs often have inhibited 
growth, characterized by presence of multiple vacuoles, 
sparse nuclei, or cytoplasmic collapse. Another distinc-
tive feature frequently observed is the absence of fluores-
cence in histopathological images, due to the probable 
accumulation of phenolic compounds surrounding the 
GCs, indicating hypersensitive responses to nematode 
infections (Phan et al., 2018; Expósito et al., 2020; Ful-
lana et al., 2023). This defensive response results in sup-
pression of nematode infection and reproduction, and, 
in some cases, increases in proportions of males in the 
populations (Ye et al., 2017).

Of the approx. 100 RKN species described to 
date, Meloidogyne arenaria, M. incognita, M. javanica 
(tropical species), and M. hapla (temperate species), 
are responsible for most yield crop losses attributed to 
Meloidogyne spp. (Jones et al., 2013). However, other 
RKN species, such as M. chitwoodi, M. enterolobii and 
M. luci, are gaining importance, because of their high 
pathogenicity in several economically important crops 
despite their limited global distributions (Castagnone-
Sereno, 2012; Elling, 2013; Maleita et al., 2022). Meloi-
dogyne chitwoodi and M. enterolobii have been added 
to the EPPO A2 list of pests recommended for regu-
lation as quarantine pests (EPPO, 2023a), and M. luci 
has been added to the EPPO Pest Alert List (EPPO, 
2017). In Europe, populations of M. chitwoodi have 
been reported in Belgium, France, Germany, the Neth-
erlands and Portugal in 2016 (EPPO, 2016). Currently, 
however, 17 other countries, including Spain, have been 
included (EPPO 2023b). The distribution of M. enter-
olobii is more limited than that of other Meloidogyne 
species, having been reported in Belgium, France, Ita-
ly, the Netherlands, Portugal and Switzerland (EPPO, 
2023c). Meloidogyne luci is present in Greece, Italy, 

Portugal, Serbia, Slovenia and Turkey (EPPO, 2023d). 
Despite these restricted distributions, legislative meas-
ures have been implemented to eradicate these nema-
todes, and prevent their introduction into regions 
where they are absent. This emphasizes the need for 
increased surveillance and control measures against 
these emerging nematode species.

RKN control has traditionally relied on fumigant 
and non-fumigant nematicides. However, use of most 
of these have been prohibited or restricted, due to 
harmful environmental, human, and/or animal effects. 
In response, the European Union has adopted new 
policies that promote the use of integrated nematode 
management strategies, which prioritize environmen-
tally friendly and safe approaches reflected in Direc-
tive 2009/128/CE and the European Green Deal. Plant 
resistance plays a key role in the available control strat-
egies, because it suppresses nematode infection and/or 
reproduction (Roberts, 2002). Resistance is cost-effec-
tive, prevents nematode reproduction and crop yield 
losses (Sorribas et al., 2005), and its effect is extended 
to following susceptible crops (Ornat et al., 1997; Han-
na, 2000). Commercially available resistant vegetable 
cultivars or rootstocks for tropical RKN species are 
limited to the Solanaceae and Cucurbitaceae includ-
ing tomato, pepper, eggplant and watermelon. Howev-
er, some of the minor and temperate RKN species can 
reproduce on these plants, or their reproductive capac-
ity is unknown.

Meloidogyne chitwoodi, M. enterolobii and M. hapla 
can reproduce on tomato carrying the Mi1.2 resistance 
gene and pepper germplasm carrying the N resistance 
gene (Brown et al., 1997; Koutsovoulos et al., 2020). In 
addition, virulent isolates of M. luci able to overcome 
resistance conferred by the tomato Mi1.2 gene have been 
reported (Aydinli et al., 2019). In cucurbits, the experi-
mental melon rootstocks Cucumis metuliferus BGV11135 
display resistance to M. arenaria, M. incognita and M. 
javanica (Expósito et al., 2018, and 2019), as well as 
Citrullus amarus, a commercial watermelon rootstock 
(García-Mendívil et al., 2019; Waldo et al., 2023). Addi-
tionally, three accessions of C. metuliferus ‘Kino’ exhibit 
resistance to M. enterolobii, M. incognita race 1, and M. 
javanica (Pinheiro et al., 2019). Waldo et al. (2023) also 
evaluated 108 different accessions of C. amarus, and 
some of these were resistant to M. enterolobii. Neverthe-
less, there is currently no available knowledge about the 
host suitability of C. metuliferus and C. amarus for the 
emerging RKN species M. chitwoodi and M. luci.

Histopathological studies conducted with laser 
scanning confocal microscopy have shown that GCs in 
resistant germplasms are less voluminous and have fewer 
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nuclei than those in susceptible germplasm (Expósito et 
al., 2020; Fullana et al., 2023). The aim of the present 
study was to determine host suitability of C. metuliferus 
BGV11135 and C. amarus BGV5167 accessions for iso-
lates of M. chitwoodi, M. enterolobii, and M. luci. Histo-
pathological studies of each plant germplasm-RKN iso-
late combination were also carried out.

MATERIALS AND METHODS

Nematode inocula

Inocula consisted of second-stage juveniles (J2) 
of M. chitwoodi (PtCh), M. enterolobii (PtEn), and M. 
luci (PtL1) isolates selected from the RKN NEMATO-
lab collection (CFE, University of Coimbra) (Maleita et 
al., 2021). The isolates were maintained on the suscep-
tible tomato (Solanum lycopersicum) cultivar ‘Coração-
de-Boi’ (Vilmorim-Mikado Ibérica, Alicante, Spain; 
Maleita et al., 2022), in a growth chamber maintained 
at 24 ± 2°C and 16 h light 8 h dark daily cycle. One 
week before nematode inoculations, nematode egg 
masses were hand-picked and placed in Baermann fun-
nels to allow J2 emergence. After 24 h, the emerged J2 
were discarded, and the remaining J2 were collected 
daily and kept at 4°C until the beginning of the experi-
ment, for a maximum of 5 d. Biochemical electropho-
retic analyses of non-specific esterase enzymes were 
carried out to confirm the Meloidogyne species (Pais et 
al., 1986).

Plant material

Seeds of the C. metuliferus BGV11135 and C. 
amarus BGV5167 (COMAV-UPV, Valencia, Spain) were 
used in this study. The cucumber (Cucumis sativus) 
‘Dasher II’ (Seminis Seeds) and the watermelon (Citrul-
lus lanatus) ‘Sugar Baby’ (Batlle Seeds) were used as cul-
tivars susceptible to tropical RKN species for compari-
sons (Giné et al., 2014; López- Gómez et al., 2014). The 
susceptible tomato (S. lycopersicum) ‘Coração-de-Boi’ 
was included as a control, to assess the viability of the 
nematode inocula. Seeds were germinated in Petri dish-
es with sterile filter paper soaked with sterile distilled 
water at 24 ± 1°C for 3 d in the dark. After germination, 
seedlings were transplanted (one per pot) into 50 cm3 
pots containing a sterile mixture (1:1:2) of sandy loam 
soil, sand and a germination substrate (Siro Germinação 
bio®). This substrate contains 2 kg·m-3 of NPK 9-2-2. The 
seedlings were kept in a growth chamber for 3 weeks at 
24 ± 2°C and a 16 h light 8 h dark daily cycle.

Host suitability

Plants were transplanted into 200 cm3 capacity pots 
containing the soil mixture described above, and were 
each inoculated with 200 J2. The nematode inoculum 
was distributed in each pot into two 2 cm holes, locat-
ed 1 cm away from the plant stem and 2 cm deep in the 
soil. Each plant germplasm-RKN isolate combination 
was repeated 10 times, and the experiment was conduct-
ed twice.

The plants were maintained in controlled climate 
chamber at 25 ± 2°C and 60% relative humidity with a 
16 h light 8 h dark daily cycle for 56 d. The plants were 
watered at 2 d intervals, and were fertilized once each 
week with NUTREA 12-4-6 (Genyen, Crop Solutions), 
a liquid fertilizer containing 5% N, 8% P and 10% K. 
At the end of the experiment, plant roots were care-
fully washed free of soil with tap water, and were then 
immersed in a phloxine B (0.0015%) solution for 15 min 
to stain and visualize the nematode egg masses (Hol-
brook et al., 1983). The number of root galls and egg 
masses per plant were counted to estimate nematode 
penetration (galls) and infectivity (egg masses). Nema-
tode eggs were extracted from each whole root system by 
blending maceration in a 1% NaOCl solution, using the 
procedure outlined by Hussey and Barker (1973), eggs 
were counted to estimate the final nematode popula-
tion densities (Pf). Nematode fertility was calculated as 
the number of eggs per egg mass per plant, and repro-
duction index (RI), as the percentage of reproduction of 
a given Meloidogyne isolate in the resistant germplasm 
relative to that in the susceptible germplasm [RI = (Pf 
in resistant germplasm/Pf in susceptible germplasm) × 
100]. Levels of resistance were estimated according to 
the RI values, as immune (RI = 0), highly resistant (RI < 
1%), resistant (1% ≤ RI < 10%), moderately resistant (10% 
≤ RI < 25%), slightly resistant (25% ≤ RI < 50%), or sus-
ceptible (RI ≥ 50%), based on the scale of Hadisoeganda 
and Sasser (1982).

Histopathology

Fifteen plants of each plant germplasm (described 
above) were transplanted into 200 cm3 capacity pots con-
taining sterilized sand, and were maintained under the 
conditions described above. After 7 d, each susceptible 
plant germplasm-RKN isolate combination was inocu-
lated with 200 J2, and each expected resistant plant germ-
plasm-RKN isolate combination was inoculated with 600 
J2, using the procedure described above. Each plant germ-
plasm-RKN isolate combination was repeated five times. 
Fifteen days after nematode inoculation, five root systems 
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of each RKN isolate-plant combination were washed free 
of subtrate, and were then fixed and rinsed following the 
procedure of Expósito et al. (2020). Images were acquired 
using a laser scanning confocal microscope (LSM 710 
Axio Observer Z1 microscope with QUASAR detection 
unit; ZEN Black software) using a Plan-Neofluar 10×/0.3 
objective, and Argon/2 (488 nm) and HeNe633 (633 nm) 
lasers, all of which are components from Carl Zeiss. Vol-
umes were acquired with Z-stacks with a step size of 10 
μm. The volumes and numbers of nuclei per GC, the 
numbers of GCs, and the volumes and numbers of nuclei 
per feeding site were determined using ImageJ and the 
TrakEM2 ImageJ plugin (ImageJ, version 1.50). This study 
was conducted once.

Data analyses

Statistical analyses were carried out using GraphPad 
Prism 7.00 (GraphPad Software). The normality of the 
data distributions and homogeneity of variances were 
determined with non-transformed or log10 (x+1) trans-
formed data for parametric or non-parametric analy-
ses. The nonparametric Mann-Whitney test was used to 
compare penetration (number of galls per plant), infec-
tivity (number of egg masses per plant), reproduction 
(number of eggs per plant), and fecundity (number of 
eggs per egg mass) between the experimental repetitions. 
When significant differences (P ≤ 0.05) were observed, 
the values for each replicate were presented separately. 
Additionally, each parameter was compared between 
susceptible and the expected resistant germplasm of 
the same plant genus, or between paired comparisons 
of tomato plants and each of the susceptible cucur-
bit germplasms, by Student’s t-test (P ≤ 0.05) when the 
data exhibited a normal distribution or Mann-Whitney 
test (P ≤ 0.05) if it did not. In addition, nonparametric 
Kruskal-Wallis analyses and Dunn’s test (P ≤ 0.05) were 
used to compare each parameter between RKN isolate 
by plant germplasm combinations.

The numbers of nuclei per feeding site and GCs per 
feeding site, the volume of each GC, and the number 
of nuclei per GC from the histopathological study were 
compared (P ≤ 0.05), between expected resistant and 
susceptible germplasms per plant genus, as well as the 
paired comparisons between tomato plants and each of 
the susceptible cucurbit germplasms. Data were com-
pared using Student’s t-test if the data fitted normal dis-
tributions; otherwise, the nonparametric Mann-Whitney 
test was used. In addition, nonparametric Kruskal-Wal-
lis analysis and Dunn’s test (P ≤ 0.05) were used to com-
pare each parameter among the RKN isolate by plant 
germplasm combinations.

RESULTS

Host suitability

Although general trends were observed, statistically 
significant differences (P < 0.05) were found between the 
experiments, results for each experiment are presented 
separately (Table 1). Second-stage juveniles of all RKN iso-
lates penetrated the roots of each plant germplasm, leading 
to the formation of galls (Table 1). Among the susceptible 
germplasms, M. chitwoodi produced fewer (P < 0.05) galls 
on the cucurbit than on the tomato plants, while no dif-
ferences (P > 0.05) were found between M. enterolobii and 
M. luci. Among the resistant germplasms, all the RKN iso-
lates induced fewer (P < 0.05) galls than the susceptibles 
(Table 1). For nematode reproduction, all the RKN isolates 
developed until the adult female stage producing eggs, in 
all germplasms, except for M. chitwoodi in C. metuliferus 
(Table 1). Fewer (P < 0.05) egg masses per plant were pro-
duced in the resistant germplasms than in the susceptible 
germplasms of the same plant genus, except for M. chit-
woodi in Citrullus spp. (Table 1). Concerning the levels of 
resistance of C. amarus to the RKN isolates, performed 
as resistant to M. luci (RI = 4.3 and 4.3%) in both experi-
ments, and resistant or moderately resistant to M. enter-
olobii (RI = 6.7 and 12.2%) and M. chitwoodi (RI = 5.3 
and 19.1%), depending on the experiment. Meanwhile, C. 
metuliferus was immune to M. chitwoodi (RI = 0), highly 
resistant to resistant to M. enterolobii (RI = 0.3 and 3.8%), 
and resistant to M. luci (RI = 1.6 and 1.8%).

Regarding the RKN isolates, M. chitwoodi produced 
fewer (P < 0.05) egg masses and eggs per plant on toma-
to plants than the other RKN isolates. Meloidogyne luci 
reproduced means of 5.5 and 11.3 more times in tomato 
than M. chitwoodi in experiment 1, and 2.6 and 1.7 more 
times than M. enterolobii in experiment 2 (Table 1). In 
C. sativus, M. chitwoodi produced fewer (P < 0.05) egg 
masses and eggs per plant than M. enterolobii and M. 
luci, which were not different for the numbers of eggs per 
egg mass in the second experiment. For C. metuliferus, 
M. chitwoodi induced fewer (P < 0.05) root galls than the 
other RKN isolates, but no reproduction was detected. In 
Citrullus spp., M. enterolobii produced more (P < 0.05) 
egg masses (4.0 to 112.9 times more in C. lanatus; 5.3 to 
42.0 times more in C. amarus) and eggs per plant (4.3 to 
515.0 times more in C. lanatus; 6.8 to 680.0 times more 
in C. amarus) than the other RKN isolates (Table 1).

Histopathology

Fifteen d after nematode inoculations, only the M. 
enterolobii and M. luci isolates were able to infect the 
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roots of all the assessed plant germplasms (Table 2; Fig-
ures 1 to 4). Meloidogyne chitwoodi only infected tomato 
and cucumber roots (Table 2; Figures 1 and 4). Despite 
M. chitwoodi J2 being observed inside the roots of C. 
metuliferus and C. lanatus, no GCs were induced (Fig-
ure 4, b and c); therefore, comparisons were only valid 
between tomato and cucumber. The number and volume 
of GCs per feeding site and the number of nuclei per GC 

and per feeding site did not differ (P > 0.05) between the 
tomato and cucumber plants (Table 2).

Meloidogyne enterolobii induced a similar (P > 0.05) 
number of GCs in C. metuliferus and cucumber. How-
ever, the volumes of the GCs in C. metuliferus were six 
times less (P < 0.05) than in cucumber, resulting in a 
9.5-fold reduction (P < 0.05) in the total volume of GCs 
per feeding site. The number of nuclei per GC and per 

Table 1. Number of galls, nematode egg masses and eggs per plant, and number of eggs per egg mass of Meloidogyne chitwoodi, M. enterolo-
bii or M. luci, in susceptible plants of Solanum lycopersicum ‘Coração-de-Boi’, Cucumis sativus ‘Dasher II’, and Citrullus lanatus ‘Sugar Baby’, 
or Cucumis metuliferus BGV11135 or Citrullus amarus BGV5167 rootstocks 56 d after inoculations with 200 second-stage juveniles per pot, 
in a climatic chamber in the two experiments a.

Meloidogyne 
species Plant species Galls Egg masses per 

plant
Eggs per plant 

(102) Egg per egg mass Reproduction 
index (%)b

Resistance 
level c

Fi
rs

t e
xp

er
im

en
t

M. chitwoodi S. lycopersicum >100 A 22 ± 4.0 C 74 ± 6.7 C 486 ± 111 A
C. sativus 59 ± 6 B * † 1.8 ± 0.6 B † 0.9 ± 0.2 B † 23 ± 5 B †
C. metuliferus 7 ± 1 C 0 ± 0 0 ± 0 nc 0 I
C. lanatus 28 ± 9 B * † 0.9 ± 0.4 B † 2.0 ± 0.4 C * † 120 ± 10 A †
C. amarus 8 ± 1 C 0.1 ± 0.1 B 0.01 ± 0.01 B nc 5.3 R

M. enterolobii S. lycopersicum >100 A 42 ± 2.3 B 144 ± 9.5 B 346 ± 22 A
C. sativus >100 A * 34 ± 2.3 A * † 44 ± 3.7 A * † 136 ± 16 A †
C. metuliferus 25 ± 2 B 0.8 ± 0.3 A 1.7 ± 1.4 A 179 ± 136 A 3.8 R
C. lanatus >100 A * 36 ± 3.0 A * 102 ± 9.0 A * † 295 ± 28 A
C. amarus 50 ± 5 B 4.2 ± 1.7 A 6.8 ± 2.5 A 191 ± 56 A 6.7 R

M. luci S. lycopersicum >100 A 96 ± 4.5 A 382 ± 24.1 A 431 ± 25 A
C. sativus >100 A * 34 ± 2.3 A * † 36 ± 2.2 A * † 112 ± 10 A †
C. metuliferus 53 ± 3 A 0.3 ± 0.2 A 0.7 ± 0.5 A 218 ± 43 A 1.8 R
C. lanatus >100 A * 9 ± 2.0 B * † 24 ± 5.6 B * † 242 ± 50 A †
C. amarus 79 ± 5 A 0.8 ± 0.3 B 1.0 ± 0.6 AB 157 ± 106 A 4.3 R

Se
co

nd
 e

xp
er

im
en

t

M. chitwoodi S. lycopersicum >100 A 27 ± 3.0 B 57 ± 7.3 C 221 ± 30 C
C. sativus 37 ± 2 B * † 5.6 ± 1.8 B † 5.6 ± 0.3 B † 90 ± 25 C †
C. metuliferus 20 ± 1 B 0 ± 0 0 ± 0 nc 0 I
C. lanatus 33 ± 3 B * † 0.7 ± 0.4 B † 0.8 ± 0.5 C † 114 ± 39 B †
C. amarus 13 ± 2 C 0.2 ± 0.2 B 0.2 ± 0.2 B nc 19.1 MR

M. enterolobii S. lycopersicum >100 A 105 ± 9.0 A 380 ± 33.5 B 393 ± 55 B
C. sativus >100 A * 34 ± 5.0 A * † 224 ± 39.3 A * † 801 ± 172 A *
C. metuliferus 39 ± 5 A 0.3 ± 0.2 A 0.6 ± 0.4 A 200 ± 16 B 0.3 HR
C. lanatus >100 A * 79 ± A 7.0 * † 412 ± 26.9 A * 548 ± 50 A †
C. amarus 66 ± 6 A 8.3 ± 1.5 A 50 ± 10.4 A 603 ± 70 A 12.2 MR

M. luci S. lycopersicum >100 A 121 ± 6.0 A 647 ± 22.5 A 544 ± 26 A
C. sativus >100 A * 36 ± 4.0 A * † 160 ± 23.0 A * † 442 ± 42 B
C. metuliferus 25 ± 2 A 0.4 ± 0.2 A 2.6 ± 2.1 A 510 ± 162 A 1.6 R
C. lanatus >100 A * 7 ± 2.0 B * † 27 ± 7.3 B * † 371 ± 65 AB †
C. amarus 50 ± 5 B 0.6 ± 0.2 B 1.1 ± 0.5 B 222 ± 89 B 4.3 R

a Data are means ± standard errors of ten replicates. Data in each column followed by different letters are significantly different (P < 0.05) 
between root-knot nematode (RKN) isolates for a given plant germplasm, according to Dunn’s test. Data for each column and each RKN 
isolate followed by * indicate significant differences (P < 0.05) between germplasms of the same genus, and by † indicate differences (P < 
0.05) between Solanum lycopersicum and Cucumis sativus or Citrullus lanatus, as shown by Student’s t tests or Mann-Whitney tests. nc = 
Not calculated. b Reproduction index: percentage of the eggs produced in the resistant germplasm compared with those produced in the 
susceptible germplasm. C Resistance level: I = immune (RI = 0), HR = highly resistant (RI < 1%), R = resistant (1% ≤ RI ≤ 10%), MR = 
moderately resistant (10% < RI ≤ 25%), SR = slightly resistant (25% < RI ≤ 50%) or S = susceptible (RI > 50%), as categorized by Hadi-
soeganda and Sasser (1982).
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feeding site were 2.9 and 5.5 times greater (P < 0.05) in 
cucumber than in C. metuliferus (Table 2). Similar results 
were observed in watermelon. Although the nematodes 
induced similar (P > 0.05) numbers of GCs per feeding 
site in both Citrullus spp., the volumes per GC were 13.3 
greater in C. lanatus and 8.5 times greater (P < 0.05) than 

in C. amarus. The numbers of nuclei per GC were 3.4 
greater, and per feeding site were 2.8 greater (P < 0.05).

Meloidogyne luci induced a similar (P > 0.05) num-
bers of GCs in C. metuliferus and cucumber, but the GC 
volumes in C. metuliferus were 11 times less (P < 0.05) 
than in cucumber, resulting in a 12.1-fold reduction (P 

Table 2. Number of giant cells per nematode feeding site (GC·fs-1), number of nuclei per giant cells (N·GC-1), number of nuclei per feeding 
site (N·fs-1), giant cell volume (GCV) and giant cell volume per feeding site (GCV·fs-1), in Solanum lycopersicum ‘Coração-de-Boi’, Cucumis 
sativus ‘Dasher II’ and Citrullus lanatus ‘Sugar Baby’ plants, and Cucumis metuliferus BGV11135 and Citrullus amarus BGV5167 rootstocks, 
15 d after nematode inoculations with 200 or 600 second-stage juveniles per pot a, in susceptible or rootstocks respectively.

Meloidogyne 
species Plant species GC·fs-1 N·GC-1 N·fs-1 GCV

(µm3 10-5)
GCV·fs-1

(µm3 10-5)

M. chitwoodi S. lycopersicum 5 ± 1.0 A 14 ± 3.2 B 44 ± 8.8 B 8 ± 1.1 B 26 ± 3.0 B
C. sativus 4 ± 0.2 A 9 ± 1.7 B 29 ± 6.4 C 5 ± 0.9 C 22 ± 3.4 B
C. metuliferus na na na na na
C. lanatus na na na na na
C. amarus na na na na na

M. enterolobii S. lycopersicum 5 ± 0.8 A 26 ± 3.1 A 131 ± 6.7 A 14 ± 1.9 A B 70 ± 7.8 A
C. sativus 9 ± 0.9 A 20 ± 1.7 A * 181 ± 8.3 A * 12 ± 1.8 B * 114 ± 23.1 A *
C. metuliferus 5 ± 0.8 A 7 ± 1.5 A 33 ± 5.6 B 2 ± 0.6 A 12 ± 2.0 A
C. lanatus 5 ± 0.7 A 17 ± 2.8 A * 79 ± 10.7 A * † 40 ± 13.8 A * † 170 ± 32.8 A * †
C. amarus 6 ± 1.7 A 5 ± 0.4 A 28 ± 3.2 A 3 ± 0.4 A 20 ± 3.0 A

M. luci S. lycopersicum 4 ± 0.4 A 30 ± 5.2 A 138 ± 31.2 A 19 ± 4.7 A 87 ± 24.1 A B
C. sativus 6 ± 0.4 A 16 ± 2.1 A † 89 ± 14.7 B 33 ± 5.5 A * † 181 ± 29.6 A * †
C. metuliferus 9 ± 0.8 A 9± 1.4 A 59 ± 7.3 A 3 ± 0.8 A 15 ± 2.6 A
C. lanatus 5 ± 0.5 A 22 ± 2.9 A * 112 ± 8.7 A * 12 ± 1.9 B * 65 ± 9.8 B *
C. amarus 5 ± 0.7 A 7 ± 0.3 A 35 ± 3.3 A 5 ± 0.2 A 22 ± 1.8 A

a Data are means ± standard errors for five replicates. Data in the same column followed by different letters are significantly different (P < 
0.05) between root-knot nematode (RKN) isolates by a given plant germplasm, according to Dunn’s test. Data in each column and for each 
RKN isolate followed by * are significantly different (P < 0.05) between germplasms of the same genus. † indicates differences (P < 0.05) 
between Solanum lycopersicum and Cucumis sativus or Citrullus lanatus, according to Student’s t or Mann-Whitney tests. na = No available 
data because no infection was observed.

Figure 1. Laser scanning confocal microscope images of the infection sites of Meloidogyne chitwoodi (a), Meloidogyne enterolobii (b) and 
Meloidogyne luci (c), 15 dafter inoculation, in Solanum lycopersicum ‘Coração-de-Boi’. Nematode (N); vacuoles (v); giant cells (asterisks); 
and some nuclei (white arrowheads) are indicated. Scale bars = 50 μm.
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Figure 2. Laser scanning confocal microscope images of infection sites of Meloidogyne enterolobii, 15 d after inoculation, in Cucumis sativus 
‘Dacher II’ (a), Cucumis metuliferus BGV11135 (b), Citrullus lanatus ‘Sugar Baby’ (c) or Citrullus amarus BGV5167 (d). Nematodes (N); 
vacuoles (v); giant cells (asterisks); some nuclei (white arrowheads); necrosed areas (red arrowheads); and a nematode oesophageal median 
bulb (yellow arrowhead) are indicated. Scale bars = 50 μm.

Figure 3. Laser scanning confocal microscope images of infection sites of Meloidogyne luci 15 d after inoculation in Cucumis sativus ‘Dach-
er II’ (a), Cucumis metuliferus BGV11135 (b), Citrullus lanatus ‘Sugar Baby’ (c), or Citrullus amarus BGV5167 (d). Nematodes (N); giant 
cells (asterisks); some nuclei (white arrowheads); and necrosed area (red arrowhead) are indicated. Scale bars = 50 μm.

Figure 4. Laser scanning confocal microscope images of Meloidogyne chitwoodi infection sites, 15 d after inoculation in the cucumbers 
Cucumis sativus ‘Dacher II’ (a), Cucumis metuliferus BGV11135 (b), watermelon Citrullus lanatus ‘Sugar Baby’ (c), or Citrullus amarus 
BGV5167 (d). Nematodes (N); giant cells (asterisks); some nuclei (white arrowheads); necrosed area (red arrowhead), and an oesophageal 
median bulb (yellow arrowhead) are indicated. Scale bars = 50 μm.
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< 0.05) in total volume of GC per feeding site. However, 
the numbers of nuclei per GC and per feeding site did 
not differ (P > 0.05) (Table 2). In both Citrullus species, 
M. luci induced similar numbers (P > 0.05) of GCs, but 
GC volumes and numbers per feeding site in C. amarus 
were 2.5 and 3 times less (P < 0.05) than in in C. lana-
tus. In addition, 3.1 times fewer nuclei per GC (P < 0.05) 
and 3.2 times fewer feeding sites were observed in C. 
amarus than in C. lanatus.

The majority of GCs induced by M. enterolobii and 
M. luci in C. metuliferus and C. amarus were almost 
empty, with few or no nuclei and with some necrotic 
areas compared to those in the respective susceptible 
plant germplasm (Figure 2 b and d, Figure 3 b and d).

Of the different RKN isolates, M. enterolobii induced 
formation of GCs that were 3.3 more voluminous (P < 
0.05) than M. luci in C. lanatus, which resulted in a total 
mean GC volume per feeding site that was 2.6 times 
greater (P < 0.05). Nevertheless, no differences (P > 0.05) 
were observed in C. amarus. The numbers of nuclei per 
GC and per feeding site induced by M. enterolobii and 
M. luci in both Citrullus spp. did not differ (P > 0.05), 
but the numbers of nuclei per feeding site differed (P < 
0.05) in Cucumis spp. (Table 2). Specifically, the number 
of nuclei per feeding site induced by M. enterolobii was 
2 times greater in C. sativus and 0.56 times greater in C. 
metuliferus, compared to those induced by M. luci (Table 
2). Meloidogyne enterolobii induced the formation of 
1.8 times more GC volume (P < 0.05) in S. lycopersicum 
than M. chitwoodi, resulting in 2.7 more GC volume per 
feeding site (P < 0.05).

DISCUSSION

The main objective of this study was to deter-
mine host suitability of C. metuliferus BGV11135 and 
C. amarus BGV5167 for the nematodes M. chitwoodi, 
M. enterolobii and M. luci, to provide insights into the 
potential use of these rootstocks for melon and water-
melon crops, and to provide this information to assist 
management of RKN species. Previous studies have 
reported resistance of some C. metuliferus accessions to 
M. incognita, M. arenaria, M. hapla, M. javanica and 
M. enterolobii (Walters et al., 2006; Ye et al., 2017; Pin-
heiro et al., 2019), and that of C. amarus to M. arenaria, 
M. enterolobii, M. incognita and M. javanica (García-
Mendívil et al., 2019; Waldo et al., 2023). The present 
paper is the first report on levels of resistance of C. met-
uliferus and C. amarus to M. chitwoodi and M. luci. In 
addition, cucumber may be included as a potential plant 
host of M. chitwoodi, because this nematode reproduced 

in this plant species, as in watermelon which is listed as 
a plant host (EPPO, 2023b).

The results of the present study have shown that 
the levels of resistance of C. metuliferus ranged from 
immune (RI = 0) to M. chitwoodi, highly resistant (RI < 
1%) to resistant (1% ≤ RI < 10%) to M. enterolobii, and 
resistant to M. luci. Citrullus amarus ranged from resist-
ant to moderately resistant (10% ≤ RI ≤ 25%) to M. chit-
woodi and M. enterolobii, and resistant to M. luci.

Several resistance mechanisms of C. metuliferus 
against RKN have been proposed, affecting root pen-
etration, feeding site formation, nematode development, 
and sex differentiation (Fassuliotis, 1970; Walters et al., 
2006). Xie et al. (2022) reported the emission of 18 vola-
tiles by the roots of the CM3 accession of C. metuliferus, 
which had repellent effects on M. incognita. In the pre-
sent study, substantial reductions of J2s root penetra-
tion of all the RKN isolates were observed, compared 
to that in cucumber, and only a low proportion of J2 
achieved the adult female stage laying eggs (0% for M. 
chitwoodi, 2% for M. enterolobii and 1.1% for M. luci; 
averaged over two experiments). Some studies compar-
ing the transcriptome of C. metuliferus and cucumber 
plants inoculated with M. incognita have proposed puta-
tive resistance mechanisms (Ling et al., 2017; Ye et al., 
2017; Li et al., 2021). Ling et al. (2017) attributed resist-
ance to differential expression in two host gene clusters 
related to cytoskeletons and RNA processing. Ye et al. 
(2017) attributed resistance to induction of phenyla-
lanine ammonia-lyase and peroxidase activities after 
infection together with the expression of genes related 
to biosynthesis of phenylpropanoids and plant hor-
mone signalling. Li et al. (2021) attributed resistance to 
upregulation of genes related to the Ca2+ signalling path-
way at early stages of M. incognita infection, as well as 
the salicylic acid and jasmonate signalling pathways. In 
all these cases, nematode penetration and root infection 
were reduced, and nematode development was delayed. 
According to the present study results, the resistance 
mechanisms of C. metuliferus were highly effective 
against M. chitwoodi, because less J2 were able to pen-
etrate, compared to M. enterolobii and M. luci, and no 
J2 reached the adult female stage. The histopathologi-
cal analysis showed that C. metuliferus was not infected 
at 15 d after M. chitwoodi inoculation, and those that 
infected cucumber plants produced less voluminous 
GCs with a low numbers of nuclei per GC and per feed-
ing site than did the other studied RKN species. For M. 
enterolobii and M. luci, reductions in nematode infec-
tion and reproduction were detected in C. metuliferus in 
comparison with cucumber, but J2, which were able to 
infect, to develop until the female stage and reproduce, 
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produced a similar number of eggs per egg mass than 
in cucumber (except for M. enterolobii in the second 
experiment). However, a reduction in female fertility of 
M. incognita on C. metuliferus has been reported previ-
ously (Ye et al., 2017; Expósito et al., 2020). This result is 
important, because it could be an indicator of adaptation 
of a given percentage of individuals that could reproduce 
and increase populations after repeated cultivation. The 
present histopathological study showed some differences 
from previous studies regarding the C. metuliferus-M. 
incognita relationship (Ye et al., 2017; Expósito et al., 
2020), in which fewer nuclei per cell and per feeding site 
were reported.

Resistance of C. amarus to tropical Meloidogyne spp. 
has been attributed to its high root fibrosity in compari-
son with that of other cucurbits (Thies and Levi, 2007; 
Thies et al., 2015; García-Mendivil et al., 2019). Waldo 
et al. (2023) suggested that resistance to M. enterolobii 
is modulated by 11 single-nucleotide polymorphisms. 
Those in the locus QTL 3.1 influence root galling and 
egg mass formation, while those in QTL 4.1, 4.2, and 
8.1 are associated with nematode egg production. In the 
present study, compared with those of watermelon, J2 
root penetration of all the RKN isolates was reduced, 
and only a low proportion of J2 achieved the adult 
female stage laying eggs: 1.4% for M. chitwoodi, 10.5% 
for M. enterolobii, and 1.1% for M. luci (averaged for the 
two experiments). Watermelon is considered a poor host 
for the tropical Meloidogyne spp. due to their reduced 
reproduction rates (López-Gómez et al., 2014), but is 
a main host for M. enterolobii (EPPO, 2023b). This was 
observed in the present study, achieving levels of repro-
duction close to those in tomato. However, M. enter-
olobii reproduction in C. amarus reached 9.45% of that 
observed on watermelons, defining the C. amarus root-
stock as an effective tool for managing this RKN.

Histopathological analyses revealed that neither C. 
lanatus nor C. amarus were infected by M. chitwoodi 15 
d after inoculations. Reductions in the numbers of nuclei 
and GC volumes were observed in the combinations of 
remaining RKN-isolates in C. amarus compared with 
watermelon, which may affect nematode development 
and reproduction.

The results from the present study will provide valu-
able information for farmers to facilitate decision-mak-
ing for implementing integrated RKN control strategies, 
including scenarios with a co-occurrence of RKN spe-
cies and/or virulent nematode populations to specific 
host resistant genes. Resistance of these plant species to 
tropical RKN species in pot and field experiments (Ye 
et al., 2017; García-Mendívil et al., 2019), and the effec-
tiveness for managing virulent RKN populations to the 

Mi1.2 resistance gene in tomato (Expósito et al., 2018; 
Fullana et al., 2023) have been demonstrated. In addi-
tion, several accessions of C. metuliferus and C. amarus 
are resistant to other pathogens and diseases, such as 
Fusarium oxysporum, gummy stem blight, powdery 
mildew, and potyvirus (Gusmini et al., 2005; Guner et 
al., 2008; Tetteh et al., 2010; Keinath et al., 2019). These 
characteristics enhance agronomic value of these plant 
germoplasm. The strategic use of these rootstocks in 
rotations with other resistant plant germplasms can alle-
viate the impacts of RKN on crop yield and contribute 
to reducing reliance on pesticides, as has been previously 
reported (Expósito et al., 2018; Fullana et al., 2023).
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Summary. Vine training and pruning are cultural strategies that can be deployed to 
manage grapevine trunk diseases (GTDs). Forty-year-old commercial vineyards in the 
Cognac region, France, trained to either Guyot-Arcure (severe pruning) or Guyot-
Poussard (minimal pruning), were studied to determine how the two systems affected 
trunk disease symptomatology. Effects of pruning practices on the pathobiome and 
mycobiome of asymptomatic grapevines were also assessed, using culture- and ampli-
con-based Illumina sequencing approaches. The hypothesis examined was that severe 
pruning of Guyot-Arcure increases trunk diseases incidence and severity, and causes 
higher pathogen load and microbial diversity, compared to Guyot-Poussard. Numbers 
of symptomatic and asymptomatic vines for the two training systems were recorded 
over 3 years, including numbers of vines with esca foliar symptoms, and partially 
unproductive and dead vines. Six asymptomatic vines from each pruning method were 
selected, and culturing and sequencing data were obtained from 27 samples per vine. 
Fungi in the Phaeomoniellaceae, Togniniaceae, and Botryosphaeriaceae were the most 
frequently identified. The data indicated that severe pruning increased risk of patho-
gen infections, with Phaeomoniella chlamydospora, Phaeoacremonium minimum and 
Diplodia sp. being the most commonly identified fungi. Greater numbers of dead or 
dying vines were recorded in the severely pruned vineyard, indicating that this strategy 
shortens vine longevity. Results also showed that severe pruning increased endophytic 
microbial diversity, and that the pruning methods influenced mycobiome community 
composition. This knowledge will improve recommendations to growers for practical 
and cost-effective ways to manage GTDs.

Keywords. Botryosphaeria canker, esca, disease management, microbiome.

http://www.fupress.com/pm
https://doi.org/10.36253/phyto-14778
https://doi.org/10.36253/phyto-14778
http://www.fupress.com/pm
http://www.fupress.com/pm
https://orcid.org/0000-0003-3855-1302
https://orcid.org/0000-0001-6625-6381
https://orcid.org/0000-0002-5581-4453
https://orcid.org/0000-0002-5883-4820
https://orcid.org/0000-0002-4858-1508
https://orcid.org/0000-0002-7250-0114
https://orcid.org/0000-0002-0479-0295
https://orcid.org/0000-0002-6202-680X
mailto:pascal.lecomte210@orange.fr
mailto:philrols@ucr.edu


92 Leticia Meza et alii

INTRODUCTION

Grapevines are cultivated for their fresh fruit, dried 
fruit, wine, and other spirits, producing more than 77 
million tons annually and providing US$ 68 billion pro-
duction value (Alston et al., 2019; Casolani et al., 2022). 
Grapevine Trunk Diseases (GTDs) are a significant 
impediment to grape production worldwide (Bois et al., 
2017; Gramaje et al., 2018). GTDs are caused by a com-
plex of taxonomically unrelated fungal pathogens, and 
vines are often affected by mixed infections of fungi 
(Bertsch et al., 2013; Gramaje et al., 2018). 

Esca, Botryosphaeria canker and Eutypa dieback are 
among the main GTDs that affect vineyard longevity, 
yield of productive vines, and quality of the fruit (Kaplan 
et al., 2016; Gispert et al., 2020; Larach et al., 2020; 
Dewasme et al., 2022). Eutypa lata (Diatrypaceae) is the 
main causal agent of Eutypa dieback, and several taxa 
in the Botryosphaeriaceae cause Botryosphaeria canker. 
Both diseases have symptoms of brown to black secto-
rial necroses in grapevine wood, and Eutypa dieback also 
develop symptoms of shoot and leaf dwarfing (Rolshaus-
en et al., 2006; Úrbez-Torres, 2011; Travadon et al., 2012; 
Bertsch et al., 2013). The Ascomycota fungi Phaeomon-
iella chlamydospora and Phaeoacremonium minimum 
(formerly P. aleophilum), and Basidiomycota Fomitiporia 
mediterranea are among the major causal agents of esca. 
Esca wood symptoms include black spots in trunk cross-
sections and streaking in longitudinal sections but can be 
surrounded by pink to brown wood discolorations, and 
in older vines, white rot is also common. Foliar symp-
toms associated with esca include tiger stripe leaf pat-
terns, wilting, and apoplexy, ranging from a few leaves 
to the entire vine canopies (Mugnai et al., 1999; Surico, 
2009; Lecomte et al., 2012; Lecomte et al., 2018).

Among all GTDs, the esca complex is a serious 
threat to grape production. A survey of European and 
Mediterranean vineyards by Guerin-Dubrana et al. 
(2019) indicated that esca symptoms were the most com-
mon. Wood dieback symptoms caused by Eutypa and 
Botryosphaeria were less frequently recorded, although 
incidence of Botryosphaeria canker was reported to be 
increasing in several countries. In France, the National 
Grapevine Trunk Disease Survey reported that GTDs 
incidence increased nationally from 3 to 13% between 
2003 and 2013, with esca being the most-widespread, 
whereas other GTDs such as Eutypa dieback were more 
region-specific (Fussler et al., 2008; Bruez et al., 2013; 
Lecomte et al., 2018). Esca foliar symptom expres-
sion has been shown to be erratic, linked to different 
amounts of annual rainfall, particularly in late spring to 
early summer (Calzarano et al., 2018; Kraus et al., 2019; 

Dewasme et al., 2022). Recent studies that have deployed 
high throughput gene sequencing methods to profile the 
mycobiome in symptomatic and asymptomatic esca- 
affected grapevines have also identified the causal agents 
of Eutypa dieback and Botryosphaeria canker (Bruez et 
al., 2014; Del Frari et al., 2019). Co-occurrence of these 
pathogens in the woody tissues could also affect esca 
symptom expression and may explain inconsistencies of 
annual observations of foliar disease symptoms.

Grapevine wounds are the main entry points for 
GTD pathogens, so grapevines are especially susceptible 
to GTD infections during pruning. Wound susceptibility 
mainly depends on the time of pruning and the period 
between pruning and infection events (Munkvold and 
Marois, 1995). Temperature and rainfall influence wound 
healing processes, and the period vine susceptibility, 
as well as the quality and quantity of pathogen inocu-
lum (Eskalen et al., 2007; Martinez-Diz et al., 2020). 
There are no effective curative methods or treatments 
for GTDs. These diseases are mainly managed using pre-
ventative strategies, among which fungicide applications 
to protect pruning wounds have been the most effective 
(Rolshausen et al., 2010). Although removal of infected 
wood (“curettage”) has been shown to reduce foliar and 
fruit symptoms of esca (Cholet et al., 2021; Pacetti et al., 
2021). Growers often start protecting pruning wounds 
with the appearance of first GTD symptoms, when it 
is too late for effective disease control. Pruning wound 
treatment practices must be used early at vineyard estab-
lishment to provide yield benefits (Kaplan et al., 2016; 
Gispert et al., 2020; Di Marco et al., 2022). The banning 
of sodium arsenite in Europe, that was long registered 
for protecting grapevine pruning wounds, left growers 
with no alternatives, and likely resulted in an increased 
of GTDs incidence (Bruez et al., 2021). Many growers 
do not protect pruning wounds, due to costs and lack 
of immediate visible benefits of fungicide applications 
because of the long incubation period from pathogen 
infection to symptoms appearance (Hillis et al., 2017). 
Implementing alternative disease prevention strategies 
that are affordable and time efficient would provide large 
benefits to viticulture industries.

Vine training and pruning have been studied as a 
strategy to reduce GTDs. Pruning objectives balance 
vine productivity with fruit quality. Attaining this bal-
ance while reducing the number and size of pruning 
wounds would minimize the point of entry for vascular 
GTD pathogens. The ‘Vertical Shoot Positioned’ (VSP) 
system that has been broadly and internationally adopt-
ed is an intensive pruning system that is more condu-
cive to GTDs compared to minimal pruning (Gu et al., 
2005; Travadon et al., 2016; Kraus et al., 2019; Kraus et 
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al., 2022). There are different types of VSP training sys-
tems; the ‘Guyot-Poussard’ system, similar to cordon 
pruning, trains long mature arms with few large cuts 
close to main trunks, and can reduce esca (Lafon, 1921). 
In contrast, the ‘Guyot-Simple’ system, similar to cane-
pruned vines, trains one spur on each side of each vine, 
and creates large cuts close to the trunk head. This sys-
tem was described to be conducive of GTDs (Lecomte 
et al., 2018). Following a survey of French vineyards, 
Lecomte et al. (2018) noted that vine training forms with 
longs arms (cordons) decline less rapidly than short arm 
training forms. However, those observations were not 
supported with studies in the United States of America 
(Gu et al., 2005) and Australia (Henderson et al., 2021), 
that measured less Eutypa dieback incidence and sever-
ity in cane-pruned vineyards than in cordon-pruned 
vineyards. Henderson et al. (2021) concluded that the 
spur pruning resulted in wounds that were smaller than 
those made by cane pruning, but the larger number of 
cuts made per vine resulted in greater wound area per 
vine. Thus, limiting the total surface wound area per 
vine should be taken into account when pruning vines 
to limit GTDs incidence. While all these comparative 
studies of pruning strategies have measured disease inci-
dence and severity, only a few have attempted to assess 
how the strategies affected microbial community diver-
sity and composition of grapevine wood endospheres 
(Travadon et al., 2016; Kraus et al., 2022).

The research reported here included a comparative 
analysis of the Guyot-Arcure and Guyot-Poussard prun-
ing strategies that are used in most of the Cognac vine-
yards of France. The aim was to evaluate, over a 3-year 
period in a mature (> 40-year-old) commercial vineyard, 
the effects of vine pruning on trunk disease symptoma-
tology, including foliar and wood symptoms and vine 
death. In addition, effects of these two pruning practices 
on vine pathobiome and mycobiome were assessed, using 

culture-based and amplicon-based Illumina sequencing 
approaches. The research hypothesis was that the severe 
Guyot-Arcure pruning increases disease severity and 
incidence and provides a gateway for increased pathogen 
load and microbial diversity compared to Guyot-Pous-
sard pruning. The information generated from this study 
will provide knowledge for recommendations to growers 
on practical ways to prevent GTDs.

MATERIALS AND METHODS

Vineyard characteristics.

Two adjacent vineyards with contrasting training 
systems were selected. They were located near Cognac 
in the Charente region of southwestern France (Table 1). 
The vineyards of ‘Ugni Blanc’ on 101-14 (41B) rootstock 
were planted in 1972 and 1973, and one was trained as 
‘Guyot-Arcure’ and one as ‘Guyot-Poussard’ (see Supple-
mental Figure 1A). The Guyot-Poussard training system 
consists of horizontal cordons with few small-to-medi-
um-sized pruning wounds primarily concentrated at the 
top of the cordons, allowing permanent bilateral flow 
of sap in the lower vasculature of the vine cordons. In 
contrast, the ‘Guyot-Arcure’ training system consists of 
V-shaped cordons that are often renewed and restored, a 
system that requires extensive pruning. The positions of 
pruning wounds is not controlled, and can disrupt con-
sistent sap flow that can lead to changes in sap routes 
(Lafon, 1921). The two vineyards were surveyed during 
3 years from 2018-2020, and numbers of asymptomatic 
and symptomatic vines (foliar and wood symptoms) 
were recorded, as well as the numbers of dead vines. 
Direct comparisons between the grapevine training sys-
tems and incidence of symptomatic versus asymptomatic 
trunk diseases were assessed using Chi-square statistical 

Table 1. Vine training systems (Arcure or Poussard) impact on mean grapevine trunk disease incidence and severity in three survey years.

Vineyard training 
System Survey year Percent 

asymptomatic vines

Mean percent symptomatic vines

Vines with esca 
foliar symptomsc

Partially 
unproductive Vinesd

Unproductive 
Vinese Total

Arcurea 2018 42.5 1.6 14.7 41.3 57.5
2019 40.1 1.2 17.8 40.9 59.9
2020 38.7 2.9 16.2 42.1 61.3

Poussardb 2018 70.4 0.7 14.9 14 29.6
2019 66.9 0.4 18.6 14 33.1
2020 65.9 1.7 17.9 14.5 34.1

a 511 total vines; b 692 total vines; c No other foliar symptoms (e.g., Eutypa) recorded; d re-trained vines, one arm missing, one dead-arm;  
e dead or missing.
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analyses. Twelve asymptomatic vines (six of each train-
ing type), were selected for further assessment. Whole 
vines were uprooted during the dormant season, were 
numbered, and were then stored in a cold room (4°C) 
while awaiting processing. All vines were processed 
(using image analysis, tissue culturing and DNA extrac-
tion from woody tissues) within 2 weeks following sam-
pling from the vineyards.

Image analysis of wood decay

All 12 asymptomatic vines from the two pruning 
methods were cut longitudinally with an upright elec-
tric chainsaw. When needed, the trunk and cordons of 
each vine were sectioned into smaller pieces to ensure 
that all wood sections were cut in the middle. All the 
sections were photographed using a NIKON D 3100 
digital camera. The proportions (%) of necrotic surface 
were then evaluated from these photos using the Image 
J software Fiji version 2.14.0 (Schindelin et al., 2012), by 
calculating the ratio of the areas of necroses to those of 
the total cross section areas (Supplementary Figure 2). 
To do this, each image was cleaned of impurities (e.g., 
markings made by the saw used to make longitudi-
nal cuts), and the image was scaled to 5 mm. To crop 
each image from the background, each wood piece was 
manually traced, and this procedure was replicated 
three times for accuracy. Thereafter, a threshold for 
the necrotic regions was created (shown in red in Sup-
plementary Figure 2), and additional tracing of necro-
sis on the wood was carried out manually as required. 
A binary image was then created, resulting in black 
background and white for necrotic tissue, and this was 
used to calculate proportions (%) necrosis by dividing 
the necrotic area by the total area of the wood section. 
The percentage of the necrotic area was calculated for 
each trunk and both arms separately, then the arms 
and trunk were averaged. Analysis of the distribution 
of values was then carried out using nonparametric 
Kruskal-Wallis tests, with using R software version 
2.8.0 (Fox, 2005).

Grapevine processing

For each of the 12 asymptomatic grapevines, a total 
of 27 samples were collected that consisted of nine sam-
ples per cordon and trunk (Supplementary Figure 1B). 
The lengths of the trunk and the arms were measured, 
and then sampled at 20%, 50%, and 80% of the length 
of the cordons or trunk. For each spatial location, wood 
samples were collected from the top and bottom sec-

tions of the cordon, from approx. 1 cm beneath the bark 
and from the middle section of the heartwood. Similar-
ly, wood samples were collected from the left and right 
sides of the trunk from approx. 1 cm beneath the bark, 
and from the center of the heartwood. All samples were 
collected with wood chisel treated between each cut with 
70% ethanol and heat. For each sample, approximately 
2 g of wood was collected for molecular and microbio-
logical studies. Samples for molecular assessments were 
flash-frozen in liquid nitrogen and stored at -20°C, and 
samples for microbiological assessments were processed 
within the same day.

Culture-dependent analyses

Wood samples (≈ 3 × 5 × 2 mm) from all 27 sam-
pling points on each vine were disinfected (15 sec in 
3% calcium hypochlorite), and were then rinsed with 
twice in sterile water, and dried on sterile filter paper. 
For each sample, the wood fragments were placed on 
a malt extract agar (MEA; 20 g L-1 malt extract and 
15 g L-1 agar) (five fragments per Petri dish), and the 
dishes were incubated at room temperature. Fun-
gal development was then observed over a six-week 
period. Taxonomic classification of resulting fungi 
was carried out at the family level based on culture 
and morphological characteristics for Botryospha-
eriaceae (Phillips et al., 2013), Diaporthaceae (van 
Niekerk et al., 2005), Diatrypaceae (Trouillas et al., 
2010), Nectriaceae (Chaverri et al., 2011; Grafenhan 
et al., 2011), Phaeomoniellaceae (Chen et al., 2022), 
Togniniaceae (Gramaje et al., 2015), or the Basidiomy-
cota Fomitiporia mediterranea (Fischer et al., 2005). 
The Identity of Phaeoacremonium minimum (Tognini-
aceae) and Phaeomoniella chlamydospora (Phaeomo-
niellaceae) was verified by PCR, using primer pairs 
Pa lQr [CGTCATCCA AGATGCCGA ATA A AG]-
PalQf [CGGTGGGGTTTTTACGTCTACAG] for Pm. 
minimum and PchQr [CCATTGTAGCTGTTCCAA-
GATCAG]- PchQf [CTCTGGTGTGTAAGTTCAATC-
GACTC] for Pa. chlamydospora, targeting the b-tubu-
lin DNA region (Pouzoulet et al., 2013). Presence or 
absence of each fungal group was recorded for the 27 
data points for each assessed vine. The distributions 
for the numbers of fungal families recovered from the 
trunk or cordon samples were analyzed by ANOVA 
tests or nonparametric Kruskal-Wallis tests using the 
Rcmdr package of the R software version 2.8.0 (Fox, 
2005). The statistical tests were carried out according 
to the vine training system (Arcure vs. Poussard) and 
were presented separately for trunk and cordons.
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Culture-independent analyses

All 27 frozen wood samples from each vine were 
individually ground to powder with MM300 grinder 
(Retsch). DNA was extracted from each of the 324 wood 
samples (27 samples per vine from 12 grapevines), from 
60 mg of wood powder, using the Indvisorb Spin Plant 
Mini Kit (Eurobio), according to the manufacturer’s 
instructions. The purity of the extracted DNA was eval-
uated with NanoDrop One (Thermo Fisher Scientific), 
and was quantified with Qubit 2.0 (Thermo Fisher Sci-
entific). Fungal ribosomal ITS regions were amplified 
using the forward (AAAACTTTCAACAACGGATC) and 
reverse (TYCCTACCTGATCCGAGGTC) GTAA primers 
designed by Morales-Crus et al. (2018). Each 25-μL PCR 
reaction mix contained 1 ng of DNA template, Apex 2× 
Taq DNA Polymerase Master Mix solution (Genesee Sci-
entific), and 0.4 μM of each primer. The PCR program 
(Veriti thermal cycler, Thermo Fisher Scientific) was as 
follows: initial denaturation at 95°C for 3 min, followed by 
37 cycles each at 95°C for 45 s, 55°C for 1 min, and 72°C 
for 1 min, and a final extension at 72°C for 10 min. Fol-
lowing PCR, amplicon sizes and uniqueness were verified 
using gel electrophoresis. The PCR products were cleaned 
using 1X Ampure XP magnetic beads (Agencourt, Beck-
man Coulter). DNA concentration was determined for 
each purified amplicon using Qubit 2.0 (Thermo Fisher 
Scientific). For high-throughput sequencing, equimo-
lar amounts of all barcoded amplicons were pooled into 
a single sample, the total concentration of which was 
determined. Five hundred nanograms of pooled DNA 
were then end-repaired, A-tailed and single-index adapt-
er ligated (Kapa LTP library prep kit, Kapa Biosystems). 
After adapter ligation, the library was completed with two 
consecutive 1X Ampure XP magnetic beads (Agencourt, 
Beckman Coulter) cleanups. The size distribution of the 
library was determined with the Bioanalyzer (Agilent 
Technologies), and was submitted for sequencing in 250-
bp paired-end mode on an Illumina MiSeq (UC Davis, 
Genome Center DNA Technologies Core). The fungal 
dataset totalled 173 starting samples of the possible 324 
(2 pruning types × 6 vines × 27 samples per vine), for 
downstream computational analyses. The reasons for the 
missing samples were poor quality or quantity of DNA 
that was not suitable for Illumina sequencing, or because 
the PCR yielded no products. The 173 samples included 
85 for Arcure pruned vines [Arm20 = 20 samples; Arm50 
= 18 samples; Arm80 = 19 samples; Trunk20 = 12 sam-
ples; Trunk50 = eight samples; Trunk80 = eight samples], 
and 88 for Poussard pruned vines [Arm20 = 15 samples; 
Arm50 = 15 samples; Arm80 = 21 samples; Trunk20 = 12 
samples; Trunk50 = 14 samples; Trunk80 = 11 samples]. 

All sequences were submitted to the National Center for 
Biotechnology Information Sequence Read Archive, under 
the bioproject accession number PRJNA1066615.

Computational analyses.

Trimmomatic v 0.39 was used to initially clean the 
sequencing reads, with a sliding window of 4:19 and a 
minimum length of 150. The R v4.1.2 software (R Core 
Team, 2021) was used to carry out perform all compu-
tational analyses. Most processing for the reads was 
done in DADA2 v 1.16.0 (Callahan et al., 2016), includ-
ing further quality control sequencing filtering, derep-
lication, chimera identification, merging paired-end 
reads, and construction of Amplicon Sequence Variant 
(ASV) tables. Taxonomic identifications were assigned 
using the UNITE database v 10.5.2021 for fungal taxa. 
Phyloseq v 1.36.0 (McMurdie and Holmes, 2013) and 
ggplot2 v3.3.5 packages (Wickham, 2009) were used 
for much of the graphical and statistical analyses of the 
data. Unidentified microbes at the kingdom level were 
removed. Alpha diversity was measured for observed 
taxa within the communities. Poisson generalized lin-
ear modelling with ad hoc Tukey tests was used to ver-
ify statistical differences among groups. Bar charts were 
constructed by aggregating taxa at the family and genus 
levels. Samples were also constructed by tissue compart-
ments, and were transformed to relative abundance. 
Bray–Curtis dissimilarity was used to calculate the com-
positional dissimilarities between samples. These dissim-
ilarities were visualized with Non-metric MultiDimen-
stional Scaling (NMDS) plots using the Vegan package v 
2.5-7. The Adonis test was used to determine the statisti-
cal significance of beta diversity.

RESULTS

The two vineyard blocks were 45 years old in the 
first year of the survey and showed high incidence of 
grapevine trunk diseases that increased in each year of 
the survey (Table 1). The results demonstrate how the 
two training systems affected GTDs incidence and sever-
ity. Arcure-pruned vines displayed greater percentage (P 
< 0.0001) of vines symptomatic for GTD than for Pous-
sard-pruned vines, for all 3 years of the study, mostly for 
numbers of dead or dying vines. ImageJ analysis of the 
ratios of the necrotic areas to areas of total vine wood 
vine indicated a high percentage (70–80%) of wood 
decay in the asymptomatic vines, regardless of the train-
ing system (Supplementary Table 1). The decay appeared 
as wood discolourations, ranging from light brown to 
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dark black in colour with little to no white rot observed 
in all 12 vines (Supplementary Figures 1 and 2).

The Miseq produced appox. 24 million reads. After 
trimmomatic (before processing with DADA2) there 
were 8,672,611 reads across all the 173 starting samples. 
At the end of DADA2 processing, there were 7,614,009 
reads remaining, keeping between 60–98% of reads in 
each sample through DADA2 processing. No samples had 
less than 15K reads for analyses. After filtering, a total of 
1267 ASVs were recorded from the 173 samples. These 
results indicated that pruning methods affected microbial 
diversity richness (Figure 1) and community composition 
(Figure 2). Alpha diversity plots showed greater observed 
microbial diversity in trunks of Arcure-pruned vines than 
in trunks of Poussard-pruned vines [Poisson generalized 
linear model with Tukey; P < 0.001], with trend indicat-

ing greatest diversity near the heads of the trunks. In vine 
arms, microbial diversity differences between the two 
pruning types were only detected in the sections closest to 
the trunks (arm 20), with Arcure-pruned vines having the 
greatest taxa richness. Pruning practice type also affected 
fungal community composition both in vine arms and 
trunks (Adonis test P < 0.001).

Taxa bar plots showed that Phaeomoniella (Phaeo-
moniellaceae) and Phaeoacremonium (Togniniaceae) 
were the two main pathogen taxa infecting the grape-
vine trunks and arms, regardless of the pruning meth-
od. Phaeomoniella and Phaeoacremonium represented 
approx. 60% and 12% in relative abundance, respectively 
(Figure 3; Supplementary Figure 3). The PCR analyses 
confirmed that the pathogenic species were Pa. chlamyd-
ospora and Pm. minimum. Sequence data also indicated 
that the pathogen Diplodia (Botryosphaeriaceae) was 
also present in all grapevine sampled compartments, 
representing approx. 2% relative abundance (Figure 3; 
Supplementary Figure 3). These three families (Phaeo-
moniellaceae, Togniniaceae, Botryosphaeriaceae) with 
known pathogenic fungi represented 81.6% in arms and 
77.8% in trunks of all the taxonomic groups in severely-
pruned vines, compared with 74.4% in arms and 71% 
in trunks of minimally-pruned vines (See Supplemen-
tary Figure 3A). Of those, Phaeomoniellaceae had greater 
abundance in severely pruned vines than in minimally-
pruned vines (See Supplementary Figure 3B).

Microbial isolations from the 324 tissue samplings 
from the 12 grapevines (27 sample per grapevine) con-
firmed, to some degree, the sequencing data. Recovery 
proportions were greatest for fungi in the Phaeomoniel-
laceae (44.8% recoveries), Botryosphaeriaceae (42.9%) 
and Togniniaceae (31.5%; Figure 4). The fourth most 
recovered pathogenic group were Nectriaceae (13%), but 
incidences of other pathogenic groups were low (Dia-
trypaceae, 1.2%; Diaporthaceae, 0.6%. Fomitiporia medi-
terranea was only isolated from one trunk sample and 
one arm sample from Arcure-pruned vines. Severely-
pruned vines displayed greater incidence of esca-caus-
ing fungi (Pm. minimum and Pa. chlamydospora) in 
vine arms and trunks in comparison to the minimally-
pruned vines (Figure 4). Similarly, Botryosphaeriace-
ae percent recovery was also greater in the trunks of 
severely- vs minimally-pruned vines, whereas the oppo-
site was true for the vine arms.

DISCUSSION

This study was designed to gain knowledge on 
effects of two grapevine pruning practices on incidence 

Figure 1. Alpha diversity plots indicating that microbial richness 
was affected by grapevine pruning practice. Boxplots represent 
observed diversity at the location on the vine (20%, 50% or 80%) 
on trunks (A) and arms (B). Statistical significance is indicated 
for P < 0.001 (***), based on Poisson generalized linear models 
with pairwise Tukey tests. Arcure: Arm20 = 20 samples; Arm50 = 
18 samples; Arm80 = 19 samples; Trunk20 = 12 samples; Trunk50 
= eight samples; Trunk80 = eight samples. Poussard: Arm20 = 15 
samples; Arm50 = 15 samples; Arm80 = 21 samples; Trunk20 = 12 
samples; Trunk 50 = 14 samples; Trunk80 = 11 samples.
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and severity of GTDs. In addition, effects were assessed 
of these pruning strategies on spatial composition and 
diversity of the mycobiome and pathobiome in asymp-
tomatic grapevines. Incidence of GTD foliar symptoms 
in the surveyed vineyards was low for all three years of 
the study, although the assessed vines showed extensive 
wood decay, regardless of the pruning strategy applied. 
Leaf stripe symptoms were observed and were indicative 
of esca, which was confirmed with culture-dependent 
and independent diagnoses.

Esca has been identified as the major threat to vine-
yards across Mediterranean climates (Lecomte et al., 
2018; Guerin-Dubrana et al., 2019). Community composi-
tion analysis from non-symptomatic vines indicated that 
GTD pathogens dominated the wood mycobiome, sup-
porting previous data (Geiger et al., 2022). Phaeomoniella 
chlamydospora and Pm. minimum were the dominant 
fungi of the wood mycobiome and pathobiome, with, 
respectively, 60% and 12% of relative abundance. Profil-
ing of the wood microbiome affected by GTDs and esca 

using high throughput sequencing showed that Pa. chla-
mydospora is the dominant member in many viticulture 
areas (Morales-Cruz et al., 2018; Del Frari et al., 2019; 
Niem et al., 2020; Geiger et al., 2022; Kraus et al., 2022; 
Vanga et al., 2022). However, Pm. minimum was not 
always the second most prevalent pathogen reported in 
esca-affected vineyards, as Fomitiporia mediterranea was 
often detected. The GTAA primers that were used in the 
present study are specific for Ascomycota (Morales-Cruz 
et al., 2018), and will not amplify Fomitiporia (Basidi-
omycota). Nonetheless, the presence of white wood rot 
was not commonly observed in the analysed vines, and 
Fomitiporia isolation was very low. This may explain 
the low incidence of leaf stripe symptoms observed in 
the two vineyards. Previous studies (Maher et al., 2012; 
Pacetti et al., 2021) have shown that incidence leaf stripe 
symptoms were correlated with presence of white wood 
rot and abundance of F. mediterranea.

Sequencing data indicated that fungi in the Her-
potrichiellaceae were the third most abundant, and these 

Figure 2. Bray Curtis beta diversity plots indicating that fungal beta diversity was affected by grapevine pruning practice. Each dot repre-
sents the fungal community composition of one vine sample. Points are coloured by each pruning type (Arcure vs. Poussard) and shaped 
for sampling location on each vine (20%, 50% and 80%) on trunks (A) and arms (B). Statistically significant P and R2 values were measured 
by Adonis permutational multivariate analysis of variance for trunks (P = 0.001, R2 = 0.15) or arms (P = 0.001, R2 = 0.0865). Arcure: Arms 
= 57 samples; Trunks = 28 samples. Poussard: Arms = 51 samples; Trunks = 37 samples.
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fungi have also been reported in other studies (Del Fra-
ri et al., 2019; Vanga et al., 2022). However, suspected 
grapevine pathogens within the Herpotrichiellaceae (Phi-
alophora; Hawksworth et al., 1976) were not re-isolated 
from grapevines, possibly due to their slow-growing 
nature or because other non-pathogenic represented this 
group. Botryosphaeriaceae (Diplodia) were the fourth 
most abundant pathogenic fungi identified, although 
with disparity between low relative abundance and the 
high recovery rates from wood samples, because of the 
rapid growth of these fungi in culture. Fungi within 
this family cause Botryosphaeria canker in a broad host 
range and have also been associated with esca in several 
studies (Bruez et al., 2014; Lecomte et al., 2018; Geiger 
et al., 2022; Kraus et al., 2022). Several other pathogenic 
fungi in the Diatrypaceae (Eutypa), Diaporthaceae (Dia-
porthe) and Nectriaceae (Fusarium) were also identified, 
but at low incidence and abundance, indicating that 
these fungi played marginal roles in decline of the sur-
veyed vineyards.

Efficient management of GTDs in vineyards is 
achieved by early adoption of preventative measures 
(Kaplan et al., 2016; Gispert et al., 2020). Post-prun-

ing fungicide treatment is the most effective practice, 
mainly because the causal agents are airborne with 
free water and infect vines through wounds (Rolshaus-
en et al., 2010). Adjusting the timing of pruning dur-
ing dry weather conditions when pathogen inoculum 
is low and/or when periods of wound susceptibility are 
short during warm temperatures, is also recommend-
ed (Munkvold and Marois, 1995; Martinez-Diz et al., 
2020). However, those strategies are not always practical 
because the required weather conditions are not always 
present at pruning, or in are synchronized with the 
availability of field labour.

Vine training and pruning practices have been 
investigated for management of GTDs. Evidence sug-
gests that severe pruning with high numbers of cuts and 
large wound sizes increases GTD incidence and severity 
(Gu et al., 2005; Lecomte et al., 2018). Henderson et al. 
(2021) proposed that severity of pruning is best defined 
by the total surface area of pruning cuts per vine, which 
is affected both by the number and size of wounds per 
vine. Incidence of esca (number of symptomatic vines) 
and severity (extent of wood decay) were reduced after 
commercial vineyards in Germany and France were con-

Figure 3. Taxa bar plots showing relative abundance of the top ten fungal families (panel A) and genera (panel B) inhabiting grapevine 
endospheres for Arcure- (n = 85) and Poussard- (n = 88) trained vines.



99Grapevine pruning affects trunk diseases

verted from intensive pruning and training systems (e.g. 
vertical spur position [VSP]) to minimal pruning (Tra-
vadon et al., 2016; Kraus et al., 2019; Kraus et al., 2022). 
However, improved disease outcomes were only signifi-
cant when these practices were adopted early in the lives 
of vineyards (Kraus et al., 2022). Results from the pre-
sent study were in line with these findings and showed 
a 45% decrease in vine symptoms and 75% decrease in 
vine mortality in minimally-pruned grapevines that 
could be attributed to the reduction of Pm. minimum 
and Pa. chlamydospora incidence from vine trunk and 
arm tissues. Botryosphaeriaceae infections were only less 
present in the vine arms that were severely pruned vines, 
highlighting the possible contrast in disease etiology for 
the other two pathogens. However, pruning methods did 
not affect internal wood decay, with all asymptomatic 
vines having 70–80% of necrosis in trunks and arms. 

Differences in the extent of wood decay between prun-
ing practices could perhaps be better observed in young-
er vines. The Guyot-Poussard pruning has been shown 
to minimize the interruption of vine sap flow to foliage, 
whereas Guyot-Arcure pruning interrupts sap routes 
causing xylem vessel occlusion and loss of physiological 
function, thereby stressing vines and supporting esca-
pathogen colonization (Lecomte et al., 2018). Together, 
these results suggest that training methods that decrease 
wound surface areas per vine, but also pay attention to 
location of pruning by preserving integrity of continu-
ous sap routes, reduce vine stress. These are factors that 
minimize the risks of GTDs infections and maximize 
vineyard lifespans.

The present study has also indicated that the prun-
ing strategy affected fungal community diversity and 
composition of asymptomatic vines. Two studies, from 
France (Travadon et al., 2016) and Germany (Kraus et 
al., 2022), compared minimal pruning with spur prun-
ing, in two cultivars, and both studies yielded incon-
sistent outcomes on fungal community diversity and 
composition. It was suggested that fungal abundance 
and diversity are driven both by cultivar susceptibil-
ity to wood-infecting fungi and pruning severity (Tra-
vadon et al., 2016). However, in both of these studies, 
all the vineyards were converted from spur pruning to 
minimal pruning after several years, which confound-
ed microbial composition analyses. The assemblage of 
the core endophytic microbiome in perennial wood of 
grapevines is driven by several factors, including above 
and below ground wound colonization (Deyett and 
Rolshausen, 2020; Martinez-Diz et al., 2020). Because 
pruning methods influence the aboveground endophytic 
pathobiome it is also likely that it influences the entire 
host mycobiome, as indicated by the present study. 
Large-scale sampling from different geographical areas 
which use contrasting pruning practices will help vali-
date these data.

In conclusion, data from this study support cur-
rent knowledge that severe pruning increases the risks 
of GTD pathogen infections and shortens vine longevity 
and vineyard productivity. Additional comparative stud-
ies between intensive and minimal pruning should be 
carried out over long time periods (years), starting at the 
vineyard establishment, to increase understanding of the 
long-term effects of vine training systems on wood endo-
phytic microbiome assembly dynamics and pathobiome 
profiles. Attention should also be paid to the severity of 
pruning with respect to wound surface area per vine, and 
how this affects vine xylem integrity and sap flow routes. 
This knowledge will improve grower recommendations 
for practical ways to effectively manage GTDs.

Figure 4. Statistical significant differences in percent recovery for 
Phaeomoniellaceae, Togniniaceae, and Botryosphaeriaceae fungi 
between Arcure- and Poussard-pruned grapevines in arms (left 
panel; six grapevine replicates with two arms per vine and nine data 
point per arm; n = 108), and trunks (right panel; six grapevine rep-
licates with one trunk per vine and nine data points per trunk; n = 
54). Standard errors are shown on the bar graph and statistical P 
values are indicated with asterisks (* P< 0.5; *** P< 0.001).
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Summary. Aspergillus contamination of pistachios causes significant product losses 
and potential presence of mycotoxins, particularly aflatoxin B1 (AFB1), and ochratoxin 
A (OTA). These toxins, which threaten human health, are strictly monitored by most 
nations. Italian pistachios produced in Bronte, Sicily, have high nutritional value and 
unique organoleptic properties, but the extent to which they contain these contami-
nants is unknown. Aspergillus spp. isolated from Bronte pistachios (cultivar Napolet-
ana) were assessed for their ability to synthesize OTA or AFB1. Aspergillus occurrence 
in pistachio samples was measured at 1137 cfu g-1 for in shell pistachios and 770 cfu 
g-1 for kernels. The predominant isolated Aspergillus species was A. niger representing 
74% of section Nigri (black isolates) and 47% of all Aspergillus isolates. Within section 
Flavi, A. flavus comprised 83% of green isolates. Only one black isolate (identified as 
A. carbonarius) had high OTA production, but all the A. flavus isolates had potential to 
produce AFG1 and AFB1, with AFB1 produced amount ranging from 0.1 to 8498 ng 
mL-1 of culture filtrate.

Keywords. Aspergillus niger, Aspergillus flavus, Aspergillus carbonarius, Aspergillus 
tamarii, Aspergillus tubingensis, aflatoxins, ochratoxin A.

INTRODUCTION

Pistachio nut tree (Pistachia vera L.), native to the arid zones of Cen-
tral and West Asia, is widely distributed across the Mediterranean region. 
Pistachios are one of the most highly valued nut commodities consumed 
raw, toasted, and salted, or as an ingredient in many foods including des-
serts, ice-cream, pastry, and some sausages (Arena et al., 2007). Pistachios 
also have high nutritional value and contain phytochemical antioxidants 
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terranean countries of southern Europe and North 
Africa (Mandalari et al., 2022).

Pistachios were brought to Italy from Syria during 
the Roman era in the 9th Century AD (Marino and 
Marra, 2019). In Sicily, where agriculture was highly 
influenced by Arabs, pistachios became an integral part 
of the island’s cuisine and culture. Pistachios produced 
in Bronte are very high-quality and particularly flavour-
ful, due to the island’s volcanic soils and climatic con-
ditions. Pistachio trees in this area grow spontaneously 
on the volcanic soils (Figure 1), and are harvested once 
every 2 years, in September, and then dried in green-
houses. Despite their low production volume, “green 
pistachios of Bronte” cultivar Napoletana (also known 
as “Nostrale” or “Bianca”) are the most expensive in the 
world, and are of economic importance in Italy (Wilson 
et al., 2018).

The green pistachio of Bronte was officially reg-
istered as an Italian Protected Designation of Origin 
(PDO) product in 2010. This designation aims to pro-
mote and protect product authenticity and character-
istics, to improve economic conditions for producers in 
the specified areas (within ‘the municipalities’ of Bron-
te, Adrano, and Biancavilla), and to provide consumers 
with information about product origins and production 
methods (Wilson et al., 2018; Marino and Marra, 2019).

The quality of pistachios does not depend only 
on their flavor and nutritional value, but also on the 
absence of mycotoxins. These are secondary metabolites 
produced by several widespread fungi, mainly Aspergil-
lus spp., Penicillium spp., and Fusarium spp. Pistachios 
have been associated with several types of mycotoxins 
including cyclopiazonic acid (Hua et al., 2012), and HT-2 
toxin, fumonisins, ochratoxin A and aflatoxins, with this 

latter group being of the greatest interest on pistachios 
(Soares Mateus et al., 2021).

Aflatoxins are commonly found in pistachios, due to 
contaminations by green Aspergillus spp. (section Flavi), 
and particularly A. flavus and A. parasiticus. These spe-
cies produce several aflatoxins including aflatoxin B1 
(AFB1), AFB2, AFG1, and AFG2. While all of these com-
pounds are hazardous due to their interference with the 
immune system, AFB1 is also characterized by the most 
potent mutagenic and carcinogenic activity. Therefore, it 
was confirmed as Group 1 agent by IARC (IARC, 2002).

In addition to aflatoxins, analyses of other varie-
ties of pistachios found presence of ochratoxin A (OTA), 
which is linked to black Aspergillus (section Nigri), 
mainly A. carbonarius and A. niger (Fernane et al., 
2010). OTA is a nephrotoxic, carcinogenic, teratogenic, 
immunotoxic and hepatotoxic mycotoxin. It is classified 
in Group 2B by IARC (IARC, 1993).

AFB1 and OTA are strictly regulated in many coun-
tries including those of the European Union. For pista-
chios intended for direct human consumption or use 
as food ingredients, the maximum acceptable levels are 
8 μg kg-1 of AFB1 (with 10 μg of total aflatoxins), and 5 
μg kg-1 of OTA (EU Reg EC 1881/2006, as amended by 
165/2010).

Because of the high economic value of pistachio pro-
duction and the potential for expansion of this industry 
in Italy, studies addressing the composition of pistachi-
os (Tomaino et al., 2010) and the pathogens that could 
endanger pistachio production (Gusella et al., 2022) have 
increased. However, there are no reports on the presence 
of toxigenic Aspergilli in Bronte’s pistachios. The present 
study aimed to determine the state of pistachio mycotox-
in contamination, as knowledge to support the healthi-

Figure 1. Pistachio trees spontaneously growing in volcanic soil in Bronte, Sicily.
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ness of this valuable product. A survey of Aspergillus 
species on Bronte pistachios was conducted, and the 
potential capacity of isolated strains to produce AFB1 
and OTA was evaluated.

MATERIAL AND METHODS

Sampling and isolation of fungi

Ten samples of dried pistachios (1 kg each) obtained 
from the area of Bronte (Catania province, Italy) were 
used in this study. To estimate fungal contamination 
levels (cfu g-1) on these samples, isolations were per-
formed by plating water spore suspensions. Fifty nuts 
from each sample were weighed and added to 50 mL of 
sterile water containing 0.1% Tween20 in a sterile Erlen-
meyer flask, which was then shaken for 1 h on an orbital 
shaker (120 rpm), at room temperature. The resulting 
suspension was filtered and was used to prepare serial 
10-fold dilutions.

One hundred μL of spore suspension was seeded 
onto three potato dextrose agar (PDA: Difco, Becton 
Dickinson) plates, which were incubated at 25°C and 
monitored daily for 7 d. Each resulting fungal colony 
was transferred to a new Petri dish containing PDA and 
was left to grow at 25°C. The total number of colonies 
grown on each original isolation plate was expressed as 
colony forming units per gram of matrix (cfu g-1). For 
each sample, isolations were carried out from in shell 
pistachios (kernels and shells) and from kernels.

Identification of isolated Aspergillus spp.

Among the isolated fungi, Aspergillus isolates 
belonging to Nigri and Flavi sections were identified 
by their distinctive morphological structures, includ-
ing colony characteristics and shape and size of conidia 
and conidiophores (Pitt and Hoking, 1997). Green iso-
lates were tested using a LAMP assay (Mellikeche et al., 
2024) designed specifically for the detection of A. flavus, 
the greatest producer of AFB1. To detect A. carbonarius, 
the greatest producer of OTA, black isolates were grown 
on semi-selective malt extract agar, (MOA-B), contain-
ing 10 mg L-1 of Boscalid®, (Merck) (Samson et al., 2007), 
on which only this species can sporulate. A LAMP assay 
for the detection of A. carbonarius (Enbiotech S.r.l.) was 
used to confirm identification of this fungus.

Remaining black and green isolates were divid-
ed into groups based on similarities of morphological 
characteristics on potato dextrose agar (PDA), czapek 
yeast agar (CYA), Aspergillus differentiation agar (ADA 

Difco, Becton Dickinson). Representative isolates from 
each group were subjected to DNA extraction (Carlucci 
et al., 2013), and PCR assays using Calmodulin prim-
ers described by O’Donnell et al. (2000), followed by 
sequencing of the amplified regions to identify the spe-
cies.

Production of AFB1 and OTA

Fungal cultures were incubated in czapek yeast 
broth (CDY), which is conductive to biosynthesis of afla-
toxins and ochratoxin A by Aspergilli (Visagie et al., 
2014; Frisvad et al., 2019). The cultures were grown at 
24°C in the dark in static conditions, and were filtered 
through Whatman no. 4 filter paper, using a a vacuum 
pump system. Resulting filtrates were frozen at -25°C 
until they were used for mycotoxin analyses.

Production of OTA and AFB1 by the black and 
green Aspergillus species isolated from pistachio nuts 
was first qualitatively evaluated using High-Performance 
Thin-Layer Chromatography (HPTLC, Merck). Two 
mL of each culture filtrate were acidified by 0.2 mL of 
formic acid and then  extracted using 2 mL of ethyl 
acetate. Each extraction was repeated twice, and the 
extracts were collected and concentrated under a nitro-
gen stream. The concentrated extracts were reconstituted 
with ethyl acetate to 1 mL, and then 5 μL were plated on 
HPTLC plates together with known amounts of the pure 
AFB1 and OTA as references. The eluent phase used was 
a mixture of toluene, ethyl acetate and formic acid (6:3:1, 
v/v/v).

For quantitative analyses, culture filtrates were puri-
fied using immunoaffinity columns (AflaOchra® Immu-
no Affinity columns, VICAM), with 20 mL of each 
culture filtrate used for each purification. After passage 
through the column, washings were each carried out 
with 20 mL of distilled water. Water was then eliminated 
from the columns by applying light pressure, and myco-
toxins potentially present were eluted from the column 
with 1.5 mL methanol, as prescribed in the manufac-
turer’s instructions. Each sample was then evaporated 
under nitrogen flow at room temperature. The dry sam-
ple was then reconstituted in 200 μL of a mixture of ace-
tonitrile, water, acetic acid (99:99:2 v/v/v). 

Mycotoxin analyses were carried out using the pro-
cedure of Solfrizzo et al. (1998). A stock solution (1.0 mg 
mL-1) of OTA (Sigma) was prepared in toluene plus ace-
tic acid (99:1, v/v). OTA calibration standard solutions 
for HPLC determination were prepared by dissolving 
appropriate amounts of stock solution in acetonitrile-
water-acetic acid (99:99:2, v/v/v) to obtain final concen-
trations of 1 ng mL-1. For AFB1, the stock solution (Sig-
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ma) was prepared at 1.0 mg mL-1 in methanol. Calibra-
tion standard solutions for HPLC determinations were 
prepared by further dissolving appropriate amounts of 
stock solution in methanol to obtain final concentra-
tions of 1 ng mL-1. Each dried sample was resuspended 
in 200 μL of an acetonitrile-methanol mixture (1:1, v/v), 
and was analyzed using an HPLC (1260 Infinity Agi-
lent) equipped with a diode array detector and a C18 
column (Poroshell 120; 50 × 4.6 mm, 2.7 μm, Agilent). 
The mobile phase consisted of a mixture of acetonitrile-
water-acetic acid (99:99:2, v/v/v) at a flow rate of 1 mL 
min-1. The chromatographic runs were carried out in 
isocratic mode, whereby an aliquot of 10 μL, taken 
from 200 μL of each dissolved extract, was injected into 
the HPLC system. AFB1 and OTA in the samples were 
detected and quantified by comparing the retention 
times and the absorbance spectra of the authentic stand-
ards.

Each mycotoxin was quantified by measuring peak 
areas and comparing them with the relevant calibration 
curves. The Limits of Quantification (LOQ) were 2 ng 
for OTA and 2.5 ng for AFB1. Detection and quantifi-
cation of AFB1 were carried out at 363 λ and for OTA 
at 333 λ, which are the relative maxima for these mol-
ecules.

RESULTS AND DISCUSSION

Isolation and evaluation of Aspergillus occurrence in pis-
tachios

Most isolated fungi were identified as Aspergillus, 
comprising 95.8% of the isolates from in shell pistachios 
and 94.5% of the isolates from pistachio kernels. Morpho-
logical analyses of the other isolated fungi indicated they 
belong to the genera Penicillium and Alternaria (Figure 2). 
Average Aspergillus occurrence in kernels was 770 cfu g-1. 
A total of 133 isolates were obtained from kernels, with the 
majority (78%) belonging to section Nigri, while only 18% 
were classified as section Flavi. Greater occurrence was 
recorded from in shell pistachio nuts averaging 1137 cfu 
g-1. A total of 141 fungal isolates were obtained, with 56% 
of these classified as section Nigri and 43% as section Flavi.

Aspergillus species are the most prominent posthar-
vest contaminants in pistachios. However, Bronte pista-
chios exhibited greater predominance of Aspergillus over 
other molds, compared to pistachios assessed in other 
countries. Fernane et al. (2010) analyzed pistachios from 
the Spanish market, and showed a more diverse mycoflo-
ra including Fusarium and Penicillium, with Penicillium 
surpassing prevalence of Aspergillus. Although section 

Figure 2. Fungal genera isolated from pistachio samples: a) Aspergillus section Flavi 1 colony on PDA and 2 conidiophore; b) Aspergillus 
section Nigri 1 colony and 2 conidiophore; c) Penicillium 1 colony and 2 conidiophore; d) Alternaria 1 colony and 2 conidiophore.
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Nigri is often the most isolated among Aspergillus from 
pistachios (Doster and Michailides, 1994), greater atten-
tion is directed towards section Flavi. This is due to the 
favourable substrate provided by pistachios for the pro-
duction of Aflatoxins by section Flavi species.

The presence of Aflatoxins is often associated with 
marketing and exportation issues, due to strict regula-
tions. An example is the European ban of Iranian pista-
chios in 1994, due to their high aflatoxin contents (Bui-
Klimke et al., 2014). In Iran, Moghadam et al. (2020) 
showed green Aspergilli contamination in pistachio ker-
nels ranged from 1.6 × 103 to 1.6 × 104 cfu g-1. This con-
tamination is much greater than recorded in the present 
study on Bronte pistachio kernels, where the average 
contamination was 1.3 × 102 cfu g-1, and on in shell pis-
tachios (4.9 × 102 cfu g-1).

The low fungal contamination in Bronte pistachios 
could be due to several factors that can affect fungal 
growth and mycotoxin accumulation in the complex 
host plant-fungus-environment interactions, e.g., cli-
matic conditions, soil type, agricultural practices, crop 
variety and characteristics (Kaminiaris et al., 2020). The 
green pistachios of Bronte grow spontaneously on the 
volcanic soil. Therefore, agricultural practices, which 
often allow the introduction and spread of fungi, are 
practically absent. The cultivar Napoletana is possibly 
less prone to fungal contamination than other varieties, 
especially in the susceptible period of the maturity (Pan-
ahi and Khezri, 2011). However, these aspects should be 
verified by testing this cultivar in other Italian pista-
chio’s growing areas.

Identification of isolated Aspergillus spp.

A total number of 75 green isolates were analyzed 
with the LAMP assay specific for A. f lavus. Among 
these, 48 isolates were positive, while the remaining iso-
lates were identified as A. tamarii through PCR ampli-
fication using calmodulin primers and sequencing of 
resulting products.

Black isolates were grown on MEA-B on which only 
one isolate, UPB36, sporulated and was identified as A. 
carbonarius (Figure 3a). This was further confirmed by 
LAMP analysis, which gave a positive result only for 
isolate UPB36 (Figure 3b). PCR amplifications identi-
fied the remaining isolates as A. tubingensis and A. niger 
which was the predominant species (74% of section Nigri 
and 47% of all sections). 

The most commonly occurring Aspergillus species 
were A. niger and A. flavus belonging, respectively, to 
the sections Nigri and Flavi (Perrone et al., 2007). On 
pistachios, the distribution of Aspergilli probably dif-
fers depending on the growing region and the culti-
var. For instance, Khodavaisy et al. (2012), examined 
pistachios from Samandaj, Iran, and found high inci-
dence of A. flavus (56.2%) followed by A. niger (12.5%) 
among all detected fungal contaminants. Moghadam et 
al. (2020) also confirmed the dominance of Aspergillus 
section Flavi in Iranian pistachios, with its distribution 
varying depending on the cultivar. However, Rahimi 
et al. (2007), assessed the contamination of pistachios 
from Kerman, Rafsanjan, and Isfahan, recorded great-
est occurrence of A. niger (49%) followed by A. flavus 

Figure 3. Aspergillus carbonarius UPB36 a) colonies on MEA-Boscalid. b) Positive signal with LAMP set ACS02
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(33%). The present study also recorded high diversity 
in aspergilli associated with pistachios, with 11 spe-
cies identified. This is not the case for Italian pistachios 
where we have detected dominance of A. niger (74%), 
and low diversity amongst aspergilli with only five spe-
cies detected. The situation of Italian Bronte pistachios 
is more comparable to the Californian pistachios on 
which A. niger has been frequently reported as the most 
common species (Doster and Michailides, 1994; Bay-
man et al., 2002).

Mycotoxin production

For the green Aspergillus isolates, TLC analyses 
showed that all A. flavus isolates produced AFB1 and 
AFG1, while A. tamarii isolates did not produce these 
mycotoxins. Therefore, HPLC analyses were carried out 
for all A. flavus isolates to confirm and quantify their 
AFB1 production. Some isolates of A. tamarii were also 
analyzed with HPLC, which confirmed the TLC results. 
HPLC analyses confirmed that all A. flavus isolates pro-
duced AFB1 at quantities ranging from 0.1 to 8497.8 ng 
mL-1 of culture filtrate (Table 1).

The only A. carbonarius isolate that produced OTA 
was UPB36, at an amount of 34.2 ng mL-1 (Table 2). For A. 
niger, TLC analyses showed that five isolates were potential 
OTA producers. These isolates were further analyzed with 
HPLC, and the ability to produce OTA was confirmed, at 
relatively low levels, for three of them (Table 2). 

Aspergillus f lavus is the species most common-
ly associated with aflatoxin production in pistachios. 
Previous studies have linked A. f lavus strains with 
high potential to produce aflatoxins (Hua et al., 2012; 
Marín et al., 2012). The present study showed that in 
Bronte pistachios the majority of A. flavus isolates have 
high potential to produce AFB1. Previous studies have 
detected the presence of OTA and OTA-producing 
Aspergilli in pistachio samples (Fernane et al., 2010; 
Singh et al., 2023). In the present study, one A. car-
bonarius isolate produced OTA at 34.2 ng mL-1, and 
only five A. niger isolates were potential OTA produc-
ers. Despite their low production, these isolates cannot 
be dismissed as threats to human health, due to their 
possession of genes for OTA production, and because 
this production could be triggered by the occurrence of 
appropriate growth conditions.

CONCLUSION

This is the first study of Aspergillus spp. contamina-
tion in green pistachios that have been produced on the 

Table 1. AFB1 production in culture by green Aspergillus isolates.

Isolate Aspergillus species Amount (ng mL-1) of AFB1

UP60 A. flavus 576.6
UP66 A. flavus 414,6
UP67 A. flavus 178.7
UP68 A. flavus 604.6
UP74 A. flavus 253.3
UP85 A. flavus 5624.8
UP86 A. flavus 246.6
UP87 A. flavus 154.0
UP88 A. flavus 2223.1
UP89 A. flavus 691.3
SP5 A. flavus 8497.8
SP6 A. flavus 6350.0
Sp7 A. flavus 4424.9
SP9 A. flavus 4247.6
SP11 A. flavus 4612.9
SP12 A. flavus 3509.7
SP22 A. flavus 879.9
SP27 A. flavus 978.6
SP30 A. flavus 1147.2
SP31 A. flavus 3927.6
SP34 A. flavus 1513.2
SP38 A. flavus 234.6
SP39 A. flavus 50.00
SP40 A. flavus 1983.8
SP42 A. flavus 683.9
SP44 A. flavus 66.0
SP64 A. flavus 2651.7
SP91 A. flavus 368.0
SP92 A. flavus 0.1
SP93 A. flavus 0.1
SP95 A. flavus 0.1
SP96 A. flavus 0.1
SP97 A. flavus 0.1
SP99 A. flavus 0.1
SP100 A. flavus 0.1
SP102 A. flavus 0.1
SP104 A. flavus 0.1
UP82 A. flavus 170.7
SP107 A. flavus 77.3
SP108 A. flavus 89.3
SP109 A. flavus 152.7
SP110 A. flavus 214.0
SP119 A. flavus 0.1
SP128 A. flavus 0.1
SP12(2) A. flavus 6387.4
UP48 A. flavus 59.6
UP50 A. flavus 63.5
SP53 A. flavus 43.5
SP17 A.tamarii 0.0
SP80 A.tamarii 0.0
SP20 A.tamarii 0.0
SP25 A.tamarii 0.0
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volcanic soils in Bronte, Sicily. This study estimated that 
Aspergillus occurrence in these pistachios is less than for 
pistachios produced in other countries. This could be 
related to the type of plantation, soils, climatic condi-
tions, and/or the pistachio variety.

Mycotoxins are secondary metabolites which are pro-
duced independently from mycelium growth and sporula-
tion. However, examination of Aspergillus spp. occurring 
on pistachios and their ability to produce mycotoxins can 
indicate their potential production under favorable condi-
tions. Although the contamination of Bronte pistachios 
with green Aspergillus spp. is low, these contaminants 
showed high levels of production of AFB1.

These results indicate that investigations dealing with 
mycotoxigenic fungi developing on pistachio nuts grown 
in Italy should be expanded. In particular, considering 
areas with different envirnmental, climatic, and manage-
ment conditions. It is also important that agricultural 
and post-harvest practices should be improved to mitigate 
human health risks related to mycotoxin contamination. 
This will help to preserve the organoleptic and nutritional 
qualities of these nut products.
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Characterization and pathogenicity of 
Pleurostoma richardsiae causing decline of 
mango trees in Southern Italy
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Summary. Mango trees (Mangifera indica) showing symptoms of twig and branch die-
back, internal wood necroses, and decline, were surveyed in an orchard in Palermo 
province (Eastern Sicily, Italy). A Pleurostoma-like fungus was consistently isolated 
from symptomatic wood tissues. Based on morphology and phylogenetic analysis of 
ITS and tub2 sequences, the fungus was identified as Pleurostoma richardsiae. A patho-
genicity test was conducted by inoculating stems of 2-year-old mango seedlings with 
mycelium plugs and conidium suspensions of a representative isolate. Two months 
after inoculation, necrotic lesions were observed around the inoculation points, and 
P. richardsiae was reisolated from the necrotic tissues. This is the first report of P. 
richardsiae causing dieback and decline of mango trees.

Keywords. Fungal diseases, Mangifera indica, wood necrosis, twig dieback, phylogeny.

Mango (Mangifera indica L.; Anacardiaceae) is a fruit tree crop that is 
native to India and Southeast Asia (Mukherjee, 1953). Mango is widely culti-
vated especially in tropical and subtropical regions. In recent years, its culti-
vation has increased in the Mediterranean basin, due to the popularity of the 
fruit among European consumers and good productivity, and adaptability of 
the species to different environments. In Italy, the cultivation of subtropical 
crops is mainly concentrated in the coastal regions of Sicily (Palermo, Messina, 
and Catania provinces), where climate and soil conditions are suitable (Lauri-
cella et al., 2017). The growing interest in the mango fruit is due to their high 
content of bioactive compounds beneficial for human nutrition and health, 
which makes it attractive for direct consumption and useful for food and phar-
maceutical industries (Maharaj et al., 2022; García-Mahecha et al., 2023).

In Italy, few pre- and post-harvest fungal diseases of mango have been 
reported. The most production-limiting diseases include canker and shoot 
blight caused by Botryosphaeriaceae spp. (Aiello et al., 2022), and fruit 
decay and stem-end rot caused by Colletotrichum spp. (Ismail et al., 2015). 
Stem-end rot of fruit caused by Neofusicoccum spp. has also been occasion-
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ally observed (Ismail et al., 2013a). Leaf spots caused 
by Pestalotiopsis uvicola and P. clavispora (Ismail et al., 
2013b), and wilt caused by Verticillium dahliae (Ahmed 
et al., 2014), have also been reported.

Since 2021, dieback of twigs and branches was 
observed on 6-year-old mango trees (‘Glenn’ grafted 
on ‘Gomera 3’ rootstocks) during surveys of mango 
orchards in Bagheria (Palermo province, Italy). Affected 
trees had declining vegetation vigour during the year, 
followed by rapid dieback of twigs and branches, often 
leading to tree death (Figure 1). During a survey in May 
2023, examination of cross-sections of branches and 
twigs of declining and low vigour trees revealed irregu-
lar, brown to black wood necroses, co-occurring in 
some cases with black spots and reddish-brown to black 
streaking of the inner wood tissue (Figure 2). Further 
observations detected canopy thinning and dry leaves 
hanging from the twigs. The sudden decline observed 
after years of slow and stunted growth made disease 
incidence variable, with few plants showing dieback at 
each season, and disease incidence based on these symp-
toms was approx. 10%.

Twigs and branches showing internal necroses were 
randomly collected from five plants, and were kept in 
plastic bags and taken to a laboratory for pathogen isola-
tion and further analyses. Small wood fragments (3 × 3 
× 3 mm, n = 160) from the margins of necrotic or appar-
ently healthy tissues were surface sterilized in a 1.2% 
sodium hypochlorite solution for 60 s, and then rinsed 
once in sterile distilled water for 60s. The fragments 
were air dried in a laminar-flow cabinet on sterile paper, 
placed on potato dextrose agar (PDA, Lickson) amended 
with lactic acid (APDA; containing 1 mL L-1 of 98% [vol/
vol] lactic acid), and were then incubated at approx. 25°C 
under natural light for 10 d. One type of fungal colony 
consistently grew from the symptomatic mango tissues, 
with isolation frequency of 60 to 72%. From twelve repre-
sentative Pleurostoma-like colonies, single-conidium iso-
lates were obtained, and were stored in the collection of 
the Dipartimento di Agricoltura, Alimentazione e Ambi-
ente, section Patologia Vegetale, University of Catania.

Two representative isolates (CP23, CP28) were 
grown on acidified Malt Extract Agar (AMEA) at 25 ± 
1°C for 21 d in the dark, to study colony morphology 

Figure 1. Decline of mango trees ‘Glenn’ grafted on ‘Gomera 3’, caused by Pleurostoma richardsiae in an orchard located in Bagheria (Paler-
mo, Italy). (a) Dieback of twigs and branches showing necroses of inner wood tissues. (b) Severe dieback of a mango tree.



113Pleurostoma richardsiae causes mango tree decline

(texture, density, obverse and reverse colour, and mar-
gin), according to Vijaykrishna et al. (2004). Mycelium 
samples were mounted on microscope slides in lactic 
acid. Lengths and widths of conidia (n = 30) were meas-
ured at 100× magnification, using a Zeiss Axiolab 5 
microscope and Zeiss Axiocam 208 color, using the soft-
ware Zen Core (v.35.96.03000), and average dimensions 
and length/width ratios of the dimension means were 
calculated.

Colonies grown on AMEA for 20 d had white to 
off-white cottony appearance in the centres, with out-
wardly decreasing aerial hyphae extending to light grey, 
slightly uneven colony margins, as reported by Lawrence 
et al. (2021). The colonies produced two distinct types of 
conidia. One type were brown subglobose to spherical 
and thick-walled, with dimensions (min, average, max; 
length/width ratio ± standard error of the mean) of (1.5–) 
2.2 (–3.1) × (1.5–) 2.0 (–2.8) μm; 1.1 ± 0.03. The other 
types were hyaline, cylindrical to oblong ellipsoidal, and 
thin-walled, with dimensions (4.5–) 5.3 (–6.8) × (1.8–) 
2.6 (–3.5) μm; 2.4 ± 0.08.

All collected fungal isolates were grown on PDA 
for 14 d, and mycelium was then removed with a sterile 
scalpel. Genomic DNA was extracted using the Wizard 
Genomic DNA Purification Kit (Promega Corporation). 
The obtained DNA was stored at 4°C for further analy-
ses. Two gene regions were amplified and sequenced. 
The internal transcriber spacer region (ITS) of the 
nuclear ribosomal RNA operon was amplified with the 
primers ITS5 and ITS4 (White et al., 1990), and the 
primers Bt2a and Bt2b were used for the partial beta 
tubulin gene (tub2) (Glass and Donaldson, 1995). PCRs 
were carried out in a total volume of 25 µL, using One 
Taq® 2X Master Mix with Standard Buffer (BioLabs), 
according to the manufacturer’s instructions. PCR con-
ditions were set as follows: 30 s at 94°C; 35 cycles, each 
of 30 s at 94°C, 1 min at 52°C, and 1 min at 68°C; and 5 
min at 68°C. PCR products were visualized on 1% aga-
rose gels (90 V for 40 min) stained with GelRed® Nucle-
ic Acid GelStain (Biotium), were purified, and then 
sequenced in both directions by Macrogen Inc. (Seoul, 
South Korea). The obtained forward and reverse DNA 

Figure 2. Details of symptoms on a mango tree ‘Glenn’. (a to d) Cross-sections of branches and twigs of declining trees with irregular, 
brown to black wood necroses. (e) Cross-section of a twig showing reddish-brown to black streaking in the inner wood tissue. (f) Longitu-
dinal section of branch showing internal wood necrosis.
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sequences were assembled, edited and aligned using 
MEGA X (Kumar et al., 2018). All sequences of the ITS 
and tub2 gene regions obtained were deposited in the 
National Centre of Biotechnology Information (NCBI) 
GenBank database (Table 1).

The obtained sequences were first compared with 
those available in GenBank. BLASTn searches of ITS 
and tub2 sequences showed 99% similarity with the 
sequences of Pleurostoma richardsiae (Nannf.) Réblová 
& Jaklitsch (Pleurostomataceae, Calosphaeriales) isolate 
CBS 270.33 (GenBank accession No. MT153151.1), and 
100% similarity with P. richardsiae isolate KARE1881 
(GenBank accession No. MT735027.1).  Phylogenet-
ic analysis based on Maximum Parsimony (MP) was 
conducted on a concatenated dataset of ITS and tub2, 
including a total of 29 taxa, based on Lawrence et al. 

(2021). Multiple alignment was conducted in MEGA X. 
Maximum Parsimony analysis was carried out using 
Phylogenetic Analysis Using Parsimony (PAUP*) version 
4.0a (Swofford, 2002), and Phaeoacremonium minimum 
CBS 246.91 and Phaeoacremonium novae-zelandiae CBS 
110156 were used as the outgroups. The MP parameters 
were set as follows: heuristic search function and tree 
bisection and reconstruction (TBR) as branch swap-
ping algorithms, with the branch swapping option set 
on “best trees” only. Gaps were treated as “missing”, the 
characters unordered and of equal weight, and Maxtrees 
were limited to 100. MP scores including tree length 
(TL), consistency index (CI), retention index (RI), and 
rescaled consistency index (RC) were calculated. A total 
of 1,000 bootstrap replicates were performed to test the 
robustness of the tree topology. The MP analysis of the 

Table 1. Fungal isolates from mango used in phylogenetic analysis. Isolates in bold font were obtained in the present study.

Fungal species Isolate ID Host Location
GenBank accession numberb

ITS tub2

Calosphaeria africana CBS 120870a Prunus armeniaca South Africa EU367444 EU367464
Calosphaeria pulchella CBS 115999a Prunus avium France EU367451 KT716476
Flabellascus tenuirostris  CBS 138680a Fagus sylvatica Czech Republic KT716466 KT716488
Jattaea algeriensis STEU-6201a Prunus salicina South Africa EU367446 EU367466
Jattaea ribicola  CBS 139779a Ribes petraeum Austria KT716463 KT716480
Phaeoacremonium minimum CBS 246.91a Vitis vinifera Yugoslavia AF017651 AF246811
Phaeoacremonium novae-zelandiae  CBS 110156a Cupressus macrocarpa New Zeland KF764572 DQ173110
Pleurostoma ochraceum  CBS 131321a Homo sapiens Sudan JX073270 JX073271
Pleurostoma ootheca CBS 115329a Unknown Thailand MH862984 JX073272
Pleurostoma repens CBS 294.39a Pinus sp. FL, USA NR_135925 JX073273
Pleurostoma richardsiae CBS 270.33a Unknown Sweden AY179948 AY579334
P. richardsiae  EFA 317B Vitis sp. Spain KX036522 KX036523
P. richardsiae pr_GRAP Vitis vinifera Brazil MG966406 MH053437
P. richardsiae pr_OLIV Olea europaea Brazil MG966416 MH053439
P. richardsiae KARE488 Prunus domestica Tulare County, CA MT645621 MT734998
P. richardsiae KARE1566 Olea europaea San Joaquin County, CA MT645625 MT735002
P. richardsiae CP12 Mangifera indica Bagheria (Sicily, Italy) PP001252 PP025884
P. richardsiae CP15 Mangifera indica Bagheria (Sicily, Italy) PP001253 PP025885
P. richardsiae CP22 Mangifera indica Bagheria (Sicily, Italy) PP001254 PP025886
P. richardsiae CP23 Mangifera indica Bagheria (Sicily, Italy) PP001255 PP025887
P. richardsiae CP28 Mangifera indica Bagheria (Sicily, Italy) PP001256 PP025888
P. richardsiae CP30 Mangifera indica Bagheria (Sicily, Italy) PP001257 PP025889
P. richardsiae CP31 Mangifera indica Bagheria (Sicily, Italy) PP001258 PP025890
P. richardsiae CP32 Mangifera indica Bagheria (Sicily, Italy) PP001259 PP025891
P. richardsiae CP33 Mangifera indica Bagheria (Sicily, Italy) PP001260 PP025892
P. richardsiae CP35 Mangifera indica Bagheria (Sicily, Italy) PP001261 PP025893
P. richardsiae CP36 Mangifera indica Bagheria (Sicily, Italy) PP001262 PP025894
P. richardsiae CP37 Mangifera indica Bagheria (Sicily, Italy) PP001263 PP025895

a Isolates linked to type specimens.
b ITS = internal transcribed spacer; tub2 = beta-tubulin.
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combined dataset showed that of 1574 total characters, 
512 were parsimony informative, 268 were parsimony-
uninformative, and 794 were constant. In total, 100 trees 
were retained. Tree scores were: TL = 1874, CI = 0.688, 
RI = 0.649, and RC = 0.446. The MP analysis showed 
that the isolates from Bagheria clustered within the 
group of P. richardsiae, with strong support (bootstrap 
support 100) (Figure 3).

To assess pathogenicity of P. richardsiae, isolate 
CP28 was inoculated onto 2-year-old potted healthy 
plants of mango ‘Gomera 3’, which were maintained in 
a growth chamber at 25 ± 1°C with a 12 h photoper-
iod. The stem of each plant was surfaced disinfected 
with 70% ethanol and wounded with a sterilised 5 mm 
diam. cork borer. Agar plugs (5 mm diam.) taken from 
30-d-old fungal cultures growing on AMEA at 25 ± 
1°C, or 20 µL of conidium suspension (1 × 105 conidia 
mL-1), were placed into each stem wound. A total of six 
plants were inoculated, with three plants per inocula-
tion method and two inoculation sites per plant along 
the stem. Control plants were inoculated with AMEA 
plugs and sterile distilled water. After inoculation, 
the wounds were sealed with Parafilm®, and the plants 
were maintained at 25 ± 1°C in a growth chamber. 
After 2 months, bark was removed with a sterile blade, 
and lengths of lesions (upward and downward from 
inoculation points) were measured, and means were 
calculated. Re-isolations were carried out (as described 
above) to determine fulfilment of Koch’s postulates, 
and proportions (%) of Pleurostoma-like colonies were 
determined.

Pathogenicity tests confirmed that P. richardsiae 
was pathogenic to mango trees, causing reddish-brown 
to black necrotic lesions in the wood of all the inoculat-
ed plants, and these lesions were visible 2 months after 
inoculation (Figure 4, b and c). Control plants did not 
show any symptoms, except those due to wound oxi-
dation (Figure 4, a and d). Mean lesion length from P. 
richardsiae isolate CP28 was 2.25 ± 1.29 from conidium 
suspension inoculations, and 2.85 ± 0.47 cm from myce-
lium plug inoculations. Re-isolation frequency was 80%, 
and these fungal colonies matched the originally inocu-
lated P. richardsiae isolate as indicated by colony and 
conidium morphology.

Pleurostoma richardsiae has been reported from 
many countries as the cause of diseases in important 
crops. The fungus is a severe vascular pathogen of olive 
in Brazil, California, Croatia, Greece, Italy, Spain and 
South Africa (Carlucci et al., 2013; Nigro et al., 2013; 
Markakis et al., 2017; Ivic et al., 2018; Canale et al., 2019; 
Spies et al., 2020; Agustí-Brisach et al., 2021; Lawrance 
et al., 2021; van Dyk et al., 2021). This fungus was also 

reported as a pathogen of grapevine in Brazil, Califor-
nia, Italy, Spain, and South Africa (Halleen et al., 2007; 
Rolshausen et al., 2010; Carlucci et al., 2015; Pintos Var-
ela et al., 2016; Canale et al., 2019). It was sometimes 
isolated from esca-affected vines, although its role in the 
disease has not yet been confirmed (White et al., 2011). 
Avocado and nut crops have also been reported to be 
hosts of this pathogen (Olmo et al., 2015; Markakis et 
al., 2017; Sohrabi et al., 2020). Several species of Botry-
osphaeriaceae, several Phaeoacremonium spp. and Fomiti-
poria mediterranea, have been isolated with P. richard-
siae from woody tissues of grapevine (Pintos Varela et 
al., 2016; Raimondo et al., 2019), almond (Sohrabi et al., 
2020), and olive (Spies et al., 2020; van Dyk et al., 2021), 
showing the same symptoms. However, only P. richard-
siae was isolated from symptomatic twig and branch tis-
sues of mango trees in the present study.

This is the first report of P. richardsiae causing dis-
ease on mango trees. Future epidemiological studies are 
needed to assess the presence of P. richardsiae in mango 

Figure 3. A parsimonious tree generated from maximum parsimo-
ny analysis of the two-gene (ITS + tub2) combined dataset. Num-
bers beside the clades represent parsimony bootstrap values from 
1,000 replicates. Isolates in bold font were obtained in the present 
study. The bar indicates the number of nucleotide changes.
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orchards in other areas of Italy, and to evaluate possible 
effects of climate change on the emergence of new path-
ogen-host interactions. It is known that climate change 
may alter plant physiology and increase susceptibil-
ity to disease, and may also widen plant pathogen host 
ranges (Guarnaccia et al., 2023; Joachin et al., 2023). To 
date, Botryosphaeriaceae that cause canker and shoot 
blight of plants are considered the most damaging trunk 
pathogens for mangoes in Italy (Aiello et al., 2022). The 
present record of severe damage of mango caused by P. 
richardsiae deserves attention for the risks it could pose 
to this important fruit tree crop.
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Summary. Dieback of fruiting spurs, stems and branches of walnut trees (Juglans regia 
L.), caused by Botryosphaeriaceae, is widespread in walnut orchards in Australia. Five 
species of Botryosphaeriaceae (Diplodia seriata, Dothiorella omnivora, Neofusicoccum 
macroclavatum, N. parvum, and Spencermartinsia viticola) were recovered from the 
Australian walnut orchards in a previous study, with D. seriata and N. parvum being 
the most prevalent. The present study evaluated inhibitory effects of ten fungicides on 
mycelium growth of those five species and on conidium germination of D. seriata and 
N. parvum. It investigated the preventative and curative efficacy of selected fungicides 
on disease incidence in glasshouse and field trials. In vitro experiments showed that 
nine of the fungicides reduced mycelium growth, and all ten inhibited conidium ger-
mination, but to varying extents. Tebuconazole, prochloraz manganese chloride, fluazi-
nam, fludioxonil and pyraclostrobin were the most effective for inhibiting mycelium 
growth (EC50 < 0.14 µg a.i. mL-1), whereas pyraclostrobin, fluxapyroxad, fluopyram, 
penthiopyrad and tebuconazole were the most effective for inhibiting conidium germi-
nation (EC50 < 2.2 µg a.i. mL-1). In planta experiments with five fungicides confirmed 
that preventative treatments had greater efficacy than curative treatments. A field tri-
al with four commercial fungicide formulations demonstrated that tebuconazole and 
tebuconazole + fluopyram provided protection of walnut trees for the longest period. 
The field trial also confirmed the efficacy of pyraclostrobin and the inhibitory effect of 
fluazinam. This study is the first in Australia to evaluate fungicides in different classes 
and with different modes of action for efficacy against Botryosphaeriaceae recovered 
from walnut orchards in Australia, and provides a wider selection of active ingredients 
for a fungicide rotation programme than that which is currently available to the Aus-
tralian walnut industry.
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INTRODUCTION

Australia has a young and expanding walnut indus-
try. In recent years, yield losses caused by dieback of 
fruiting spurs, stems and branches has become wide-
spread in walnut (Juglans regia L.) orchards, and Botry-
osphaeriaceae fungi have been implicated in the dieback 
syndromes. A first systematic survey conducted in 2019–
2020 covered 14 orchards, representing all the major 
walnut-growing regions of Australia (Riverina in New 
South Wales, Adelaide Hills and Riverland regions in 
South Australia, the east coast of Tasmania, all of Vic-
toria, and south-west Western Australia), and recovered 
five species of Botryosphaeriaceae from walnut tissues. 
The survey identified Diplodia seriata and Neofusicoc-
cum parvum as the most prevalent species, constituting 
93% of all isolates analysed by DNA sequencing. Patho-
genicity studies confirmed the two prevalent species to 
be the most virulent among the five species, with N. par-
vum more virulent than D. seriata (Antony et al., 2023a). 
No published research has been conducted on control 
strategies for these pathogens in walnuts in Australia.

Symptoms of dieback, cankers, blight and fruit rot 
caused by Botryosphaeriaceae have been reported in wal-
nut orchards in a number of countries, including Chile 
(Díaz et al., 2018; Luna et al., 2022), China (Yu et al., 
2015; Li et al., 2016; Zhang et al., 2017; Li et al., 2023), 
the Czech Republic (Eichmeier et al., 2020), Egypt (Hag-
gag et al., 2007), Greece (Rumbos, 1987), Iran (Abdol-
lahzadeh et al., 2013; Sohrabi et al., 2020), Italy (Frisullo 
et al., 1994; Gusella et al., 2021), Korea (Cheon et al., 
2013), Spain (López-Moral et al., 2020), Turkey (Kara 
et al., 2021; Yildiz et al., 2022), and the United States of 
America (Trouillas et al., 2010; Michailides et al., 2012; 
Chen et al., 2013; Chen et al., 2014). Eighteen species of 
Botryosphaeriaceae from six genera have been recov-
ered from walnut orchards in these countries. Economic 
losses caused by these pathogens has been estimated to 
be significant, although it is difficult to separate losses 
caused by other pathogens such as the Diaporthe spp. 
that cause similar symptoms (Moral et al., 2019). Bot-
ryosphaeriaceae reduce yields by killing walnut tree 
branches, immature fruit, and wood, and by infecting 
nut (Hasey and Michailides, 2016). If dieback is not con-
trolled, yield losses are likely to become more significant 
with successive harvests, and can lead to total crop fail-
ures (Michailides et al., 2012).

Research on fungicide efficacy for control of these 
pathogens has not included Botryosphaeriaceae isolates 
recovered from Australia, despite well-established knowl-
edge that plant pathogens evolve differently in differ-
ent environments (van Niekerk et al., 2004; Slippers and 

Wingfield, 2007). A review of previous studies on fun-
gicide efficacy against Botryosphaeriaceae in crops other 
than walnut and in other regions showed high variability 
in results, indicating that it is not possible to draw gen-
eralisations on the efficacy of the fungicides across crops 
and regions. Even within the same region and crop, fun-
gicide efficacy has been found to vary between species 
of Botryosphaeriaceae (Bester et al., 2007; Amponsah 
et al., 2012; Pitt et al., 2012). Therefore, fungicide appli-
cation programmes should be built on an understand-
ing of incidence and prevalence of the target pathogens 
of specific hosts, in specific regions. Further research is 
required to assess the efficacy of fungicides for manage-
ment of dieback in walnuts under Australian conditions.

No fungicides are currently registered in Australia 
for the control of Botryosphaeriaceae in walnuts, although 
two minor use chemical permits for formulations of 
pyraclostrobin [Fungicide Action Resistance Commit-
tee (FRAC) 11] and a mixture of tebuconazole (FRAC 
3) plus fluopyram (FRAC 7) have been approved by the 
Australian Pesticides and Veterinary Medicines Author-
ity (APVMA). This reliance on only two fungicides, with 
a total of three active ingredients (a.i.) that have single-site 
modes of action, may increase the potential risk for devel-
opment of fungicide resistance among target pathogens, 
and is inadequate for development and implementation 
of a sustainable fungicide programme. Although there are 
no published reports of fungicide resistance developing 
in Botryosphaeriaceae associated with walnuts, reduced 
sensitivity of these fungi to multiple fungicides has been 
reported in other crops. In California, while comparing 
the baseline sensitivity to tebuconazole of Botryospha-
eria dothidea populations from pistachio, Ma et al. (2002) 
identified an isolate with low sensitivity to tebuconazole. 
Their study also showed a shift towards greater tebucon-
azole EC50 values in orchards that had consecutive years 
of multiple applications of this fungicide. Similar studies 
in China identified emergence of tebuconazole resistance 
in populations of B. dothidea from apple orchards (Fan et 
al., 2016). This was attributed to use of consecutive mul-
tiple applications of tebuconazole for over 10 years. Like-
wise, resistance to pyraclostrobin has been reported to be 
common among Lasiodiplodia theobromae populations 
from mango in China (He et al., 2021; Yang et al., 2021). 
Decreased sensitivity to f luopyram has been reported 
in different host-pathogen systems including Alternaria 
alternata on pistachio (Avenot et al., 2014; Avenot et al., 
2019) and Botrytis cinerea on strawberry (Amiri et al., 
2014), after only a few years of field applications. There-
fore, these resistance-prone fungicides should be used in 
the walnut orchards in Australia only with appropriate 
fungicide resistance management strategies in place.
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One strategy to prevent development of fungicide 
resistance in pathogens is the alternation and/or com-
binations of contact and systemic fungicides, and inclu-
sion of multi-site fungicides (Denman et al., 2004; Brent 
and Hollomon, 2007). Incorporating a.i. from different 
chemical groups with different modes of action in rota-
tion programme, or using the fungicides in mixtures, is 
likely to reduce over-exposure of pathogens to only a few 
a.i. This could be achieved by considering the fungicides 
already in use in various horticultural crops to control 
fungal diseases, and identifying the most promising 
candidates that are effective against the prevalent Botry-
osphaeriaceae present in Australian walnut orchards.

Experiments were conducted to evaluate selected 
fungicides from different classes and modes of action, 
for their abilities to: (i) reduce in vitro mycelium growth 
of five species of Botryosphaeriaceae recovered from wal-

nut orchards in Australia; (ii) inhibit in vitro conidium 
germination of the two most prevalent pathogens D. 
seriata and N. parvum; (iii) control infections by these 
fungi in glasshouse experiments on detached stems and 
glasshouse-grown walnut plants; and (iv) evaluate effec-
tive field durations of preventative and curative action 
that the fungicides have against the most virulent spe-
cies, N. parvum.

MATERIALS AND METHODS

Efficacy of fungicides against in vitro mycelium growth of 
fungal isolates

Ten active ingredients from different chemical 
groups (Table 1) were identified for this experiment. 
Fungicides banned in the European Union and not 

Table 1. Fungicides tested in this study.

Active ingredient (a.i.) Chemical class, Mode of actionb
FRAC code, Risk of 
fungicide resistance 

developmentb

Trade name and formulation used in in vivo 
experiments and in the field

Boscalida Carboxamide
SDHI, single site

FRAC 7,
medium to high

Only a.i. was used in vitro

Captan Phthalimide
Respiration inhibitor, multi-site 

M04,
low

Only a.i. was used in vitro

Fluazinam Pyrrole, 2,6-initroanilines
Energy synthesis disruptor, multi-site

FRAC 29,
low

Emblem®, Nufarm Australia,
500 g L-1 fluazinam

Fludioxonil Phenylpyrrole
Osmoregulation inhibitor, single site

FRAC 12,
low to medium

Geoxe®, Syngenta Australia,
500 g Kg-1 fludioxonil

Fluopyrama Pyridinyl ethyl benzamide SDHI, single site FRAC 7,
medium to high

Only a.i. was used in vitro

Fluxapyroxada Carboxamide
SDHI, single site

FRAC 7,
medium to high

Only a.i. was used in vitro

Penthiopyrada Carboxamide
SDHI, single site

FRAC 7,
medium to high

Only a.i. was used in vitro

Prochloraz manganese 
chloride

Imidazole
DMI, multi-site

FRAC 3,
medium

Octave®, Bayer Crop Science, Australia,
500 g Kg-1

Pyraclostrobina Methoxycarbamate
QoI, single site

FRAC 11,
high

Cabrio®c, BASF Australia,
250 g L-1 pyraclostrobin 

Tebuconazolea Triazole
DMI, single site

FRAC 3,
medium

Orius®, ADAMA Agricultural Solutions 
Ltd, Australia, 200 g L-1 tebuconazole

Tebuconazole + 
Fluopyrama

DMI + SDHI FRAC 3 + FRAC 7 Luna Experience®c, 
Bayer Crop Science, Australia,
200 g L-1 tebuconazole + 
200 g L-1 fluopyram

a Used in California for control of Botryosphaeria dieback in walnuts.
b Source: https://www.frac.info/
c Minor use chemical permit approved by the Australian Pesticides and Veterinary Medicines Authority for control of Botryosphaeria die-
back in walnuts.
DMI = Demethylation Inhibitors (FRAC 3).
QoI = Quinone outside Inhibitors (FRAC 11).
SDHI = Succinate Dehydrogenase Inhibitors (FRAC 7).

https://www.frac.info/
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approved by APVMA were excluded. The concentra-
tions of each a.i. assessed were 0, 0.001, 0.01, 0.1, 1.0, or 
10 mg L-1. Efficacy of these concentration/a.i. combina-
tions were tested on nine Botryosphaeriaceae isolates 
obtained from walnut orchards in Australia during the 
study of Antony et al. (2023a). The isolates tested includ-
ed three isolates each of D. seriata and N. parvum, and 
one isolate each of Dothiorella omnivora, N. macroclava-
tum and Spencermartinsia viticola. For the two prevalent 
species, D. seriata and N. parvum, the three most viru-
lent isolates (DS04, DS15, and DS27 of D. seriata; NP03, 
NP05 and NP18 of N. parvum) were selected based on a 
detached stem assay conducted previously (Antony et al., 
2023a). For the other three fungi, one isolate per species 
was included since the total available isolates belonging 
to those species was only four.

Technical grade fungicide active ingredients were 
used in this experiment. Since some have low solubility 
in water (e.g., solubility of prochloraz mc in water is 34.4 
mg L-1. https://www.epa.govt.nz/), acetone, classified 
as a solvent (https://www.ncbi.nlm.nih.gov/) was used 
to dissolve them, as described by Pitt et al. (2012). For 
these fungicides, each a.i. was dissolved in 100% ace-
tone, adjusted to a 10 mg L-1 stock solution, and diluted 
to: 1.0 mg L-1, 0.1 mg L-1, 0.01 mg L-1, or 0.001 mg L-1. 
Experimental controls contained acetone alone. These 
were used to prepare potato dextrose agar (PDA; Oxoid 
Ltd) plates amended with each a.i. After sterilization 
(121°C for 20 min), the medium was allowed to cool to 
50°C, and acetone containing required amounts of each 
a.i. was added to the PDA to produce the required fun-
gicide concentrations. In all batches of amended media, 
including the control, the final acetone concentration 
was adjusted to 0.1% v/v. These media were mixed, then 
poured into 9-cm diam. Petri plates and left to cool to 
room temperature.

The fungicide-amended PDA plates were each inoc-
ulated with a 5 mm diam. mycelium disc taken from the 
margin of an actively growing 3-d-old culture of each 
selected isolate that was previously cultured on PDA. For 
each isolate/fungicide/concentration combination three 
replicate plates were prepared. Within each fungicide/
species combination, the inoculated PDA plates were 
arranged in a totally randomised design, and were incu-
bated at 25°C in the dark. After incubation for 48 h, the 
mycelium growth in each plate was quantified by meas-
uring the colony across two perpendicular diameters, 
and calculating the average diameter. Inhibition was 
then calculated by subtracting mean colony diameters 
from those of the nil fungicide experimental controls. 
Percent growth inhibition relative to the control was 
determined using the formula: 

Inhibition (percent) = [(C-T)/C] × 100

where C = average colony diameter on the control plate, 
and T = average colony diameter on the fungicide-
amended plate.

Inhibition data were fitted to fungicide concentra-
tions for each isolate and fungicide. The data were nor-
malised by logarithmic transformation for fungicide 
concentrations, and the probit values were used for the 
inhibition data. The EC50 value for each fungicide/iso-
late concentration was calculated using R Statistical 
Software (v4.2.2; R Core Team 2022). Means were back 
transformed to the original scale. The experiment was 
repeated twice, and the EC50 values obtained in the three 
rounds of experiments were tested for homogeneity of 
variance using Levene’s test. Since the Levene statistics 
were not significant (P = 0.172, indicating equality of 
variances), analysis of variance (ANOVA) was applied to 
the EC50 values to determine statistically significant dif-
ferences between variables. A Generalised Linear Model 
(GLM) univariate analysis in IBM SPSS Statistics for 
Windows (Version 27.0. Armonk, New York: IBM Corp) 
was applied, and means were separated using Tukey’s 
HSD test at P < 0.05.

Effects of fungicides on in vitro conidium germination

The same ten a.i. evaluated for the mycelium growth 
inhibition were tested for their effects on conidium ger-
mination of D. seriata and N. parvum. The same iso-
lates of D. seriata and N. parvum used in the experiment 
described above were used to prepare conidium suspen-
sions (104 conidia mL-1) of the two species. To prepare 
the mixed isolate conidium suspension, an equal vol-
ume of filtered conidium suspension from each of the 
three selected isolates was combined in a sterile tube, 
as described by Antony et al. (2023b). Each a.i. was dis-
solved in acetone (as described above), and was then 
mixed with sterile distilled water (SDW) at twice the des-
ignated concentration so that, when mixed with an equal 
volume of conidium suspension or SDW, the resultant 
solution would achieve the designated concentration. For 
each germination evaluation, 100 µL of the mixed isolate 
conidium suspension was added to 100 µL of each a.i. 
solution, or 100 µL of SDW for the experimental control 
treatments. To establish the germination test for each 
fungicide/concentration/conidium suspension combina-
tion, three 50 µL drops were placed onto each of three 
replicate glass slides. Each slide was placed on a water 
moistened filter paper in a Petri plate, which was then 
sealed with parafilm to maintain high humidity. The 
plates were then arranged in a completely randomised 

https://www.epa.govt.nz/
https://www.ncbi.nlm.nih.gov/
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design, and incubated at 25°C in the dark. After 24 h 
of incubation, germination of 100 conidia was assessed 
within randomly selected microscope fields of view (×40 
magnification) from each droplet. A conidium was con-
sidered to have germinated if the length of the germ tube 
was greater than half the length of the conidium. The 
percent germination inhibition data relative to the con-
trols were calculated for each microscope slide, and the 
values were used to determine the EC50 for each fun-
gicide and species, as described above for inhibition of 
mycelium growth. The experiment was repeated twice, 
and the EC50 values were investigated as described above.

Evaluation of fungicides: detached stem assays

Based on the efficacy of the a.i. for in vitro inhibi-
tion of mycelium growth and conidium germination, and 
considering their chemical classes and modes of action, 
six a.i. were selected for further assessment of their pre-
ventative and curative effects against D. seriata and N. 
parvum infections (Table 1). For five chemicals, (tebu-
conazole, pyraclostrobin, prochloraz mc, fluazinam and 
fludioxonil), commercial formulations that each had the 
individual a.i. as the only active constituent were used. 
The sixth fungicide was a mixture of two a.i., tebucona-
zole and fluopyram, and has a minor use permit approved 
by the APVMA for use in management of Botryospha-
eria dieback in walnuts in Australia (Permit Number – 
PER91994. https://portal.apvma.gov.au/permits).

Asymptomatic 1-year-old dormant stems of wal-
nut trees ‘Chandler’ were collected in winter from an 
orchard in Victoria, Australia. The stems were each 
pruned at the apical end and separately placed into 125 
mL capacity plastic tubes filled with water. Two mixed 
isolate conidium suspensions were prepared with the 
three isolates each of D. seriata and N. parvum described 
above. The fungicides were mixed at label rates accord-
ing to manufacturer recommendations. Since the com-
mercial formulations contained additive required for 
dispersion in water, they were directly mixed with SDW, 
and then applied using 125 mL capacity spray bot-
tles fitted with calibrated nozzles. For the preventative 
treatments, the stems were ‘pruned and treated’ imme-
diately with 200 µL of the selected fungicide, and SDW 
was applied for the control treatment. On day 1, 3, or 7 
post treatment, wounds of the stems were moistened by 
spraying with SDW and then each inoculated with 20 
µL of a mixed isolate conidium suspension containing 
~500 conidia of either D. seriata or N. parvum, using 
a micropipette. For the curative treatments, the stems 
were ‘pruned and inoculated’ immediately with a mixed 
isolate conidium suspension of either D. seriata or N. 

parvum. The inoculated pruning wounds were then 
sprayed with the selected fungicides at label rates, on 
either day 1, 3, or 7 post inoculation. For experimental 
control treatments, both positive (inoculated + no fungi-
cide, designated “IC”) and negative (non-inoculated + no 
fungicide, designated “NIC”) controls were established 
without any fungicide application.

Each treatment was allocated to five walnut stems 
per replicate, and the experiment was set up with five 
replicates in a randomised complete block experimental 
design (RCBD), which was maintained in a glasshouse 
at ambient temperature of 17–25°C. The stems were 
assessed for lesion development 6 weeks after inocula-
tion. The bark of each stem was peeled, and any internal 
and external lesions measured using a digital calliper. 
Wood segments excised from lesion margins were sur-
face sterilised by soaking in 2% (v/v) sodium hypochlo-
rite for 2 min, followed by rinsing twice in SDW. Fungal 
re-isolations were made by plating these wood segments 
onto PDA, to confirm Koch’s postulates. After confirm-
ing homogeneity of variances, lesion lengths were ana-
lysed using univariate analysis as for the experiments 
described above.

Evaluation of fungicides using glasshouse plants

Of the six fungicides evaluated on detached walnut 
stems, five (tebuconazole, tebuconazole + f luopyram, 
pyraclostrobin, prochloraz mc, and fluazinam) were also 
tested on green walnut shoots, and four (tebuconazole, 
tebuconazole + fluopyram, pyraclostrobin, and fluazi-
nam) were tested on 1-year-old stems of potted walnut 
plants ‘Chandler’, grown under glasshouse conditions. 
Both the preventative and curative efficacy of the fungi-
cides against D. seriata and N. parvum were assessed on 
1-year-old host stems; however, due to the limited avail-
ability of plants and considering industry requirements 
at that time for curative protection of young trees post-
pruning for form training, only curative effects of five 
fungicides were assessed on green walnut shoots.

In the green shoot experiment, each treatment was 
assigned to three replicate plants in a RCBD. Three green 
shoots of similar thickness were identified on each plant. 
The shoots were tip pruned at ~12–15 cm from the basal 
ends, and were each immediately inoculated with 20 µL 
of a mixed isolate conidium suspension containing ~500 
conidia of either N. parvum or D. seriata. Following 
inoculation, each treated shoot was covered with a trans-
parent plastic bag for 24 h to reduce evaporation of the 
conidium suspension. Twenty-four hours after pruning 
and inoculation, wounds were sprayed with the selected 
fungicides mixed at label rates. Positive and negative 

https://portal.apvma.gov.au/permits
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control stems were not given any fungicide spray. The 
plants were maintained in the glasshouse at ambient 
temperature of 17–25°C. The shoots were assessed for 
lesion development as described (above) for the detached 
stem assay 8 months after inoculation. Fungal re-isola-
tions from lesion margins and analysis of lesion lengths 
were carried out as described above.

The experiment on 1-year-old stems was set up with 
four replicate potted walnut plants ‘Chandler’, grown 
under glasshouse conditions. Two stems of similar size 
were identified on each plant, one for a preventive treat-
ment and the other for the corresponding curative treat-
ment. For the curative treatments, inoculations and treat-
ments were applied as described (above) in the green 
shoot experiment. For the preventive treatments, the 
stems were ‘pruned and immediately treated’ with the 
selected fungicides. The control stems were treated with 
SDW. Twenty-four hours after pruning and treatment, 
inoculations were carried out with mixed isolate conidi-
um suspensions of N. parvum and D. seriata as described 
(above) for the detached stem assays. The inoculated 
plants were maintained in a glasshouse at ambient tem-
perature of 17–25°C. The stems were assessed for lesion 
development 12 months after inoculation, as described 
(above) in the green shoot experiment. Fungal re-isola-
tions from lesion margins and analyses of lesion lengths 
were carried out as described above. Fungal re-isolations 
were also carried out from 10 mm beyond each lesion 
margin, at 5 mm above the base of the closest side shoot 
and 5 mm below the node of the closest side shoot, to 
monitor pathogen progression beyond each dieback.

Field evaluation of fungicides

A field trial was established to evaluate the four 
most promising fungicides against N. parvum in walnut, 
as indicated from the in vitro and in vivo experiments, 
and to assess the duration of fungicide efficacy from 
preventative and curative treatments. The field trial was 
conducted from June 2022 to May 2023 in a commer-
cial walnut orchard located in New South Wales (NSW), 
Australia. Efficacy of the fungicide treatments tebucona-
zole, tebuconazole + fluopyram, pyraclostrobin, or flu-
azinam were compared to an experimental control treat-
ment of SDW, for providing preventative and curative 
protection, with six application timings, three of which 
were preventative and three were curative. The trial was 
established as a RCBD, with six replications, in 20-year-
old walnut trees ‘Chandler’ with no observable disease 
symptoms. Within a replicate, each treatment was allot-
ted to a tree, and in each tree, six 1-year-old stems were 
tagged for the allotted treatment. 

For the preventative treatments, as in the glass-
house experiments, the identified stems were pruned 
and the treatments were immediately applied to the 
pruning wounds, using a paintbrush. A 20 µL mixed 
isolate conidium suspension of N. parvum (~500 
conidia) was applied to each wound with a micropi-
pette at either day 1, 7 or 14 post ‘pruning and treat-
ment’. For the experimental control treatment, stems 
were treated with SDW immediately after pruning, 
and then inoculated as described for the other preven-
tative treatments. For the curative treatments, imme-
diately after pruning the stems, the wounds were each 
inoculated with a 20 µL mixed isolate conidium sus-
pension of N. parvum containing ~500 conidia. The 
fungicide treatments were applied either at day 1, 3 
or 7 post ‘pruning and inoculation’. For the positive 
experimental control (IC), stems were inoculated with 
conidium suspension of N. parvum, and no fungicide 
treatment was applied post inoculation. For the nega-
tive experimental control (NIC), stems were inoculat-
ed with SDW, and no further fungicide treatment was 
applied. Twelve months after inoculation, the treated 
stems were harvested for assessment of lesion devel-
opment. Lesion lengths were measured, and fungal 
re-isolations were attempted from the margins of the 
lesions to confirm Koch’s postulates.

Levene’s test of equal variances applied to lesion 
length data confirmed homogeneity of variances. Dif-
ferences in treatment effects were then investigated 
by ANOVA of lesion lengths, by applying a univariate 
analysis in IBM SPSS Statistics for Windows, as for the 
experiments described above. For the three preventative 
treatments, disease inhibition was calculated by sub-
tracting mean lesion lengths of the fungicide treatments 
from those of the SDW treatments, at the corresponding 
inoculation times. The mean percent control (MPC) was 
then calculated using the formula: 

MPC on day X inoculation = [(ICX-TX)/ICX] × 100

where X = 1, 7, or 14; ICX = lesion length corresponding 
to day X inoculation post SDW treatment; TX = lesion 
length corresponding to day X inoculation post fungi-
cide treatment.

For the curative treatments, MPC was calculated 
using the formula:

MPC of day X treatment = [(IC-TX)/IC] × 100

where X = 1, 3, or 7; IC = lesion length of the inoculated 
control; TX = lesion length corresponding to day X treat-
ment with fungicide.
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RESULTS

Efficacy of fungicides against in vitro mycelium growth of 
fungal isolates

The fungicides varied in their effectiveness for 
inhibiting mycelium growth of the five fungi tested, with 
mean EC50 values for the species ranging from 0.004 to 
154.6 mg a.i. L-1. Captan gave the greatest mean EC50, 
which was ~15 times greater than the maximum concen-
tration of 10 mg L-1 used in this experiment. To remove 
the influence of this value for assessing the efficacy of 
the other fungicides, captan was not included in the sta-
tistical analysis presented in Table 2. The EC50 values for 
the individual treatments that were obtained in the three 
rounds of the experiment did not differ significantly (F 
= 1.952, DF = 2, P = 0.146), so the data were combined. 
Logarithmic transformation was applied to normalise 

the data for further analyses of variance, and the results 
were back transformed to original scale. Mean effects of 
the fungicides across pathogen species were calculated to 
evaluate the relative efficacy of the fungicides on the spe-
cies present in the Australian walnut orchards. Similarly, 
pathogen species means across fungicides were calculat-
ed to assess the relative sensitivity of each pathogen to 
the fungicides tested.

An ANOVA of the EC50 values indicated that 
five fungicides (f luazinam, tebuconazole, f ludioxonil, 
prochloraz, and pyraclostrobin) were the most effec-
tive, and they were similar in their inhibitory effects on 
mycelium growth, forming a homogenous group accord-
ing to Tukey’s HSD test at P < 0.05 (Table 2). Fluopyram 
and penthiopyrad were next in their effectiveness, fol-
lowed by fluxapyroxad. Boscalid was moderately effec-
tive, as shown by the dose required for effective inhibi-

Table 2. Mean EC50 values for selected technical grade fungicide active ingredients (a.i.) for inhibition of in vitro mycelium growth of five 
Botryosphaeriaceae species.

Fungicide

Mean EC50 (mg a.i. L-1) valuesa and standard error within parentheses

Botryosphaeriaceae species
Fungicide mean 

effectb
Diplodia seriata Dothiorella 

omnivora
Neofusicoccum 
macroclavatum N. parvum Spencermartinsia 

viticola

Boscalid 11.378 0.627 29.128 28.325 0.106 13.913 d
(0.44) (0.02) (0.69) (0.48) (0.07) (3.41)

Fluazinam 0.005 0.002 0.007 0.007 0.001 0.004 a
(0.0004) (0.0001) (0.001) (0.0003) (0.001) (0.001)

Fludioxonil 0.013 0.032 0.016 0.011 0.001 0.015 a
(0.0004) (0.0002) (0.001) (0.0001) (0.001) (0.01)

Fluopyram 3.092 0.017 2.681 2.214 0.021 1.609 b
(0.06) (0.001) (0.06) (0.10) (0.001) (0.35)

Fluxapyroxad 4.711 0.023 5.586 4.252 0.02 2.915 c
(0.32) (0.01) (0.05) (0.67) (0.002) (0.65)

Penthiopyrad 4.238 0.051 2.181 2.033 0.024 1.705 b
(0.22) (0.02) (0.27) (0.24) (0.004) (0.43)

Prochloraz 0.015 0.030 0.030 0.005 0.0002 0.016 a
(0.002) (0.0001) (0.01) (0.0001) (0.004) (0.004)

Pyraclostrobin 0.105 0.072 0.082 0.385 0.008 0.131 a
(0.01) (0.002) (0.01) (0.01) (0.01) (0.04)

Tebuconazole 0.004 0.028 0.009 0.005 0.001 0.009 a
(0.0001) (0.0001) (0.001) (0.001) (0.001) (0.003)

Species meanc 2.616 y 0.096 x 4.413 z 4.142 z 0.020 x
(0.72) (0.01) (0.75) (0.71) (0.04)

a EC50 = mean concentration (mg L-1) of fungicide at which mycelium growth is inhibited by 50%.
b Data pooled across species, to provide mean EC50 values for fungicide efficacy.
c Data pooled across fungicides to provide mean EC50 values for species sensitivity.
Fungicide effects on the prevalent species D. seriata (A, B, C and D) and N. parvum (P, Q, R and S) were significantly different (P < 0.001). 
Fungicide mean effects (a, b, c and d) were significant (P < 0.001). For species, the mean effects (x, y and z) were significant (P < 0.001). 
Values within each row or column followed by the same letter are not significantly different (P > 0.05), according to Tukey’s HSD test.



126 Stella Antony et alii

tion of mycelium growth. Intra-species variation was 
not significant for D. seriata or N. parvum, so only the 
species means are presented in Table 2. The species effect 
was significant (P < 0.001), with the five species fall-
ing into three groups. Spencermartinsia viticola (EC50 = 
0.020 mg L-1) and Do. omnivora (EC50 = 0.096 mg L-1) 
were similar (P=0.724), and were the most sensitive to 
the fungicides, followed by D. seriata (EC50 = 2.616 mg 
L-1). Neofusicoccum macroclavatum (EC50 = 4.413) and 
N. parvum (EC50 = 4.142) had similar sensitivities to the 
fungicides (P=0.208), and Neofusicoccum spp. had lower 
sensitivities to the fungicides than D. seriata.

Effects of fungicides on in vitro conidium germination

The in vitro experiment assessing conidium germi-
nation was repeated twice, and the EC50 values obtained 
in the three rounds did not differ significantly (P=0.79), 
so the data were combined for further analyses. The fun-
gicides varied in their effectiveness for inhibiting conid-
ium germination of D. seriata and N. parvum, with their 
mean fungicide EC50 values ranging from 0.21 to 9.00 
mg a.i. L-1 (Table 3).

Pyraclostrobin was the most effective fungicide (P < 
0.001), giving the lowest mean EC50 of 0.21 mg L-1, fol-
lowed by fluopyram, fluxapyroxad, penthiopyrad and 

tebuconazole with mean EC50s between 1.26 and 2.15 mg 
a.i. L-1. Boscalid (EC50 = 5.53 mg L-1) and captan (EC50 
= 6.33 mg L-1) were similar (P=0.052), and next in their 
effectiveness. Prochloraz mc, fluazinam and fludioxonil 
were similar (P=0.983), and had greater mean EC50s, 
between 8.76 and 9.00 mg a.i. L-1, indicating lower effi-
cacy compared to the other fungicides. The fungi dif-
fered in their sensitivities to the fungicides, with N. par-
vum showing lower sensitivity than D. seriata (P < 0.001) 
(Table 3).

Evaluation of fungicides: detached stem assay

All the fungicide treatments, both preventative and 
curative, were effective for reducing mean lesion lengths 
compared to the experimental controls. The fungi dif-
fered significantly in their sensitivities to the fungicides, 
with N. parvum having lower sensitivity than D. seriata 
(P < 0.001). All the preventative fungicide treatments 
reduced lesion lengths (P < 0.001) compared to the cor-
responding inoculated controls treated with SDW. All 
six fungicides reduced the lesion length on day 1 post 
treatment, to sizes similar to the NIC (Figure 1a). The 
later inoculations on day 7 post treatment resulted in 
lesions that were longer than the NIC, and the two tebu-
conazole formulations and prochloraz mc gave greater 

Table 3. Mean EC50s for selected technical grade fungicide active ingredients (a.i.) for in vitro inhibition of conidium germination of Diplo-
dia seriata and Neofusicoccum parvum.

Fungicide

Mean EC50 (mg a.i. L-1) valuesa and standard error (SE)

Diplodia seriata Neofusicoccum parvum Fungicide mean effectb

Mean and SE Mean and SE Mean and SE

Boscalid 4.78 C 0.21 6.28 S 0.24 5.53 d 0.37
Captan 5.40 C 0.23 7.04 S 0.18 6.22 d 0.39
Fluazinam 7.69 D 0.18 9.86 T 0.20 8.76 e 0.50
Fludioxonil 8.11 D 0.23 9.64 T 0.22 8.88 e 0.37
Fluopyram 1.18 AB 0.23 1.35 Q 0.24 1.26 b 0.15
Fluxapyroxad 1.22 B 0.22 1.50 Q 0.13 1.36 b 0.13
Penthiopyrad 1.29 B 0.23 1.85 QR 0.24 1.57 bc 0.19
Prochloraz mc 8.67 D 0.21 9.33 T 0.24 9.00 e 0.20
Pyraclostrobin 0.17 A 0.12 0.24 P 0.12 0.21 a 0.08
Tebuconazole 1.43 B 0.22 2.87 R 0.20 2.15 c 0.35
Species mean effectc 3.99 x 0.59 5.00 y 0.68

a EC50 = mean concentration (mg L-1) of fungicide at which conidium germination was inhibited by 50%.
b Data pooled across species to provide mean EC50 values for fungicide efficacy.
c Data pooled across fungicides to provide mean EC50 values for species sensitivity.
Fungicide effects on D. seriata (A, B, C and D) and N. parvum (P, Q, R, S and T) were significant (P < 0.001). Fungicide mean effects (a, b, 
c, d and e) were significant (P < 0.001). For species, the mean effects (x and y) were significant (P < 0.001). Values within each row or col-
umn followed by the same letter are not significantly different (P < 0.05) according to Tukey’s HSD test.
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efficacy for lesion size reduction than the other three 
fungicides (Figure 1a).

Among the curative treatments, as for the preven-
tative treatments, application of the fungicides 1 d post 
inoculation reduced lesion lengths that were similar 
(P > 0.05) to those from the NIC (Figure 1b). The two 
tebuconazole formulations applied at day 3 post inocula-
tion gave similar efficacy, and reduced the lesion lengths 
to those similar to the NIC. Treatments on day 7 post 
inoculation, however, resulted in lesions that were long-
er (P < 0.05) than the NIC (Figure 1b). The other four 
fungicides gave various levels of efficacy when applied 
on days 3 or 7 post inoculation. Fludioxonil and flu-
azinam applied on day 7 resulted in the longest lesions 
compared to the corresponding treatments of the other 
four fungicides. However, those lesions were smaller (P < 
0.05) than those from the inoculated control.

Evaluation of fungicides on glasshouse-grown plants

On green shoots of glasshouse plants, all five fungi-
cides applied as curative treatments reduced the lesion 
lengths for both pathogen species, compared to the inoc-
ulated controls. The two tebuconazole formulations gave 
greater efficacy (P < 0.05) than pyraclostrobin (Figure 2). 
Prochloraz mc and fluazinam were not different (P > 0.05) 
from the other three fungicides for reducing lesion lengths 
(Figure 2). However, none of the treatments reduced the 
lesion lengths to the size of the NIC. Pathogen recovery 
from lesion margins was 17% from the fluazinam treat-
ment and zero for the other four fungicide treatments.

On 1-year-old stems of glasshouse plants, the effects 
of fungicides as preventative treatments for reducing the 
lesion lengths were statistically significant (P < 0.001) 
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Figure 1. Mean lesion lengths caused by Botryosphaeria dieback 
pathogens on 1-year-old detached walnut stems after applications of 
six different fungicide products. (a) Preventative treatments with the 
fungicides, with inoculation of either Diplodia seriata or Neofusico-
ccum parvum at 1, 3 or 7 d after fungicide treatment. (b) Curative 
treatments with the fungicides, applied at 1, 3 or 7 d post inocula-
tion with D. seriata and N. parvum. The error bars indicate standard 
errors of the means. Different letters associated with the means indi-
cate differences (P < 0.05), according to Tukey’s HSD test.
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Figure 2. Mean lesion lengths caused by Botryosphaeria dieback 
pathogens on green shoots of glasshouse plants after curative fun-
gicide treatments, applied 24 h after inoculations with conidium 
suspensions of Neofusicoccum parvum and Diplodia seriata. Figure 
2a presents the effects of curative treatments on N. parvum and D. 
seriata. Figure 2b includes the mean effects of curative treatments 
on infections caused by the two pathogens. Error bars indicate 
standard errors of the means. Different letters on the bars (a, b, c 
and d for N. parvum; p, q, r and s for D. seriata; A, B, C and D 
for means of species) indicate differences (P < 0.05), according to 
Tukey’s HSD test.
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when compared to the controls inoculated with both 
pathogen species. The tebuconazole and fluazinam for-
mulations had the greatest preventative efficacy, reduc-
ing lesion lengths to those similar from the NIC (Figure 
3). Mean pathogen recovery from the lesion margins was 
zero for all the four preventative fungicide treatments.

The curative effects of the fungicides, applied 24 h 
post inoculation, were also statistically significant (P 
< 0.001), reducing the lengths of lesions resulting from 
inoculations with both fungi compared with the inocu-
lated controls (Figure 3b). Although the four fungicides 
had similar curative effects (P < 0.05), none of the treat-
ments reduced mean lesion lengths to those from the 
NIC. Mean pathogen recovery from the lesion margins 
was zero for all four fungicide treatments. For both the 
preventative and curative applications, fungal re-isola-
tions from the three sites beyond lesion margins indi-
cated that pathogen recovery from plant side shoots was 
zero, which indicates fungicide efficacy, but these isola-

tions varied between zero and 25% from the main stems. 
Due to small sample sizes, these data were not further 
statistically analysed. 

Field evaluation of fungicides

All four fungicides provided preventative and 
curative protection of walnut trees against N. parvum, 
but for different periods and with different efficacies. 
Among the preventative treatments, the fungicides gave 
similar inhibitory effects (P > 0.05) on lesions caused by 
day 1 and day 7 inoculations (Figure 4a). The two tebu-
conazole formulations and pyraclostrobin were more 
effective for reducing lesions caused by day 14 inocula-
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Figure 3. Mean lesion lengths caused by Botryosphaeria dieback 
pathogens on 1-year-old stems of glasshouse plants. (a) Preventa-
tive treatments with the fungicides, applied 24 h before inoculations 
with conidium suspensions of either Diplodia seriata or Neofusicoc-
cum parvum. (b) Curative treatments with the fungicides, applied 
24 h post inoculation with D. seriata and N. parvum. The error bars 
indicate standard errors of the means. Different letters associated 
with the means (a, b, c and d for N. parvum; p, q and r for D. seria-
ta; A, B and C for means of species) indicate differences (P < 0.05), 
according to Tukey’s HSD test.
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Figure 4. Mean lesion lengths caused by Botryosphaeria dieback 
pathogens on 1-year-old attached walnut stems in the field, after 
applications of four different fungicide products. (a) Preventative 
treatments with the fungicides, applied at 1, 7 or 14 d before inocu-
lation with Neofusicoccum parvum. (b) Curative treatments with 
the fungicides, applied at 1, 3 or 7 d post inoculation with N. par-
vum. The error bars indicate standard errors of the means. Differ-
ent letters associated with the means indicate differences (P < 0.05), 
according to Tukey’s HSD test.
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tions compared to fluazinam, which resulted in lesions 
similar (P > 0.05) to those from SDW treatment (Fig-
ure 4a). This indicates that fluazinam did not have any 
preventative effects on N. parvum at day 14. Among 
the curative treatments, the four fungicides were again 
similar in their effects when applied on day 1 or 3, and 
reduced the lesion lengths (P < 0.05) compared to the 
inoculated control (Figure 4b). The tebuconazole and 
pyraclostrobin formulations applied as curative treat-
ments on day 7 were similar in their effects for reducing 
lesion lengths, and were more effective than fluazinam 
(P < 0.05; Figure 4b).

The preventative and curative treatments of the four 
fungicides were similarly effective, reducing mean lesion 
lengths by 89 to 93%, when time between treatment 
and inoculation was 1 d (Table 4). With increased time 
between treatment and inoculation, efficacy of the cura-
tive treatments reduced sooner than from the preventa-
tive treatments. Differences in efficacy of the fungicides 
also became apparent. The two tebuconazole formula-
tions and the pyraclostrobin formulation had greater effi-
cacy for a longer period than fluazinam. The preventative 
treatments were more effective for longer periods than 
the curative treatments, irrespective of the fungicide.

Neofusicoccum parvum was re-isolated from all 
inoculated controls treated with SDW. From the non-
inoculated controls 20% pathogen recovery was record-
ed, which indicated presence of background N. parvum 
infections in the field. Pathogen recovery from lesion 
margins was zero for all preventative and curative treat-
ments, when the time between treatment and inocu-
lation was 24 h. When this time increased, pathogen 
recovery also increased, with curative treatments show-
ing greater pathogen recovery than the preventative 
treatments. For fluazinam, pathogen recovery for later 
inoculations and later treatments was greatest, and var-
ied between 35 and 90% compared to the corresponding 

results from treatments with the other three fungicides, 
that varied between 15 and 60%.

DISCUSSION

This study identified potential fungicides from dif-
ferent chemical classes and modes of action that could 
be incorporated into sustainable disease management for 
Botryosphaeria dieback in walnuts. In determining the 
efficacy of the selected fungicides, the study considered 
their inhibitory effects on both mycelium growth and 
conidium germination of the pathogen. Although natu-
ral field infections are instigated from conidia, inhibit-
ing mycelium growth is also essential for effective dis-
ease control. Tebuconazole, fluopyram, pyraclostrobin, 
f luazinam, f ludioxonil, f luxapyroxad, penthiopyrad, 
and prochloraz were effective for controlling mycelium 
growth and conidium germination of the assessed walnut 
pathogens, with EC50 values between 0.004 and 2.15 mg 
a.i. L-1. These fungicides belong to seven different chemi-
cal classes, have five different modes of action, including 
single-site and multi-site inhibitors, and thus provide a 
wider selection for a fungicide rotation programme than 
that currently available to the Australian walnut indus-
try. These fungicides were also among those tested and 
endorsed for efficacy in apple (Song et al., 2018), almond 
(Olmo et al., 2017), avocado (Twizeyimana et al., 2013), 
blueberry (Latorre et al., 2013; Tennakoon et al., 2019), 
and grapevine (Savocchia et al., 2005; Bester et al., 2007, 
Amponsah et al., 2012; Pitt et al., 2012).

Captan was also identified in this study as a pos-
sible candidate for management of Botryosphaeria die-
back of walnuts. As a multi-site contact fungicide, this 
compound is at low risk for the development of fungicide 
resistance. Although captan in vitro inhibited mycelium 
growth at a relatively high concentration, it effectively 

Table 4. Mean percent reductions in walnut tree dieback lesion lengths after conidium inoculations with Neofusicoccum parvum on pruned 
stems treated with different preventative or curative fungicide applications.

Fungicides

Reduction in lesion length compared to the control (%)
Mean Percent Control and Standard Error (SE)

Preventative treatment Curative treatment

Day 1 Day 7 Day 14 Day 1 Day 3 Day 7

Mean and SE Mean and SE Mean and SE Mean and SE Mean and SE Mean and SE

Fluazinam 91 a 2.09 61 b 3.23 05 d 3.99 91 a 2.07 73 c 2.00 19 e 2.12
Pyraclostrobin 91 a 1.62 71 b 2.58 32 c 4.79 89 ab 2.25 75 c 2.05 33 d 2.60
Tebuconazole 92 a 2.13 74 b 2.75 36 c 3.01 92 a 2.12 78 bc 2.35 38 d 3.20
Tebuconazole+fluopyram 93 a 2.08 75 b 2.80 39 c 3.85 92 a 2.08 80 bc 2.15 39 d 2.64
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inhibited conidium germination of D. seriata (EC50 = 
5.40 mg L-1) and N. parvum (EC50 = 7.04 mg L-1) with a 
mean EC50 of 6.22 mg L-1. This result is consistent with 
those from previous studies on almond and blueberry 
that have reported high EC50 values for captan on Botry-
osphaeriaceae mycelium inhibition but lower values for 
inhibition of conidium germination (Olmo et al., 2017; 
Tennakoon et al., 2019). In Australia, captan is approved 
for use in pistachios for control of anthracnose (caused 
by Colletotrichum acutatum), and in almonds for con-
trol of anthracnose, blossom blight (Monolinia laxa), shot 
hole (Wilsonomyces carpophilum), and nut scab (Clad-
osporium carpophilum). Therefore, captan may provide 
disease management options when Botryosphaeriaceae 
spore populations and/or spore dispersal are high within 
nut orchards. Furthermore, incorporating a moderately 
effective fungicide in fungicide rotations is an anti-resist-
ance strategy, since it reduces selection pressure on fun-
gal pathogen populations (Brent and Hollomon, 2007).

The fungicides tested in the present study varied 
in their inhibitory effects on mycelium growth and 
conidium germination of pathogens causing Botry-
osphaeria dieback. Tebuconazole was the most effec-
tive for inhibiting mycelium growth of the pathogens, 
whereas its efficacy was less (ranked fifth of the ten 
fungicides studied) for reducing conidium germina-
tion. In contrast, pyraclostrobin was the most effective 
against conidium germination, but only fifth for reduc-
ing mycelium growth. Previous studies on management 
of Botryosphaeriaceae species in grapevine and blueber-
ries in New Zealand have also reported that fungicides 
effective in reducing mycelium growth of pathogens 
generally did not perform well as inhibitors of conidi-
um germination, and vice versa (Amponsah et al., 2012; 
Tennakoon et al., 2019). Although there was variation in 
the levels of efficacy among the fungicides, both pyra-
clostrobin and tebuconazole were among the top five 
fungicides for inhibition of both conidium germina-
tion and mycelium growth, confirming their important 
potential roles in Botryosphaeria dieback management 
programmes for walnut.

Tebuconazole and prochloraz, the two DMI fun-
gicides assessed in this study, were among the top 
three compounds for inhibition of pathogen mycelium 
growth, but had less efficacy against conidium germi-
nation. Torres et al. (2013) reported that mycelia were 
more sensitive to DMIs than were conidia, in Diplodia 
and Neofusicoccum spp. associated with Botryospha-
eria canker of grapevine. This response is attributed to 
the generic mode of action of the DMI fungicides, that 
inhibit sterol biosynthesis in fungi in the formation of 
cell membranes. This mode of action may be more effec-

tive against mycelium extension than for inhibition of 
conidium germination (Tennakoon et al., 2019).

The in vitro assessments of conidium germination 
showed that N. parvum was less sensitive than D. seriata 
to all the ten assessed fungicides. This result indicates 
a risk to the walnut industry, since N. parvum is one of 
the two most prevalent pathogens recovered from the 
Australian walnut orchards. This fungus caused lesions 
on green shoots and 1-year-old stems of glasshouse 
plants that were three times larger than those caused 
by D. seriata. This is similar to results from studies in 
major walnut-growing countries including Chile (Luna 
et al., 2022), China (Yu et al., 2015), Spain (López-Mor-
al et al., 2020), and the United States of America (Chen 
et al., 2014), where N. parvum  is considered one of the 
most aggressive pathogens causing walnut tree cankers 
and dieback. However, N. parvum was isolated only 
from two walnut-growing regions of Australia, New 
South Wales and Victoria both in southeastern Australia 
(Antony et al., 2023a). Furthermore, N. macroclavatum, 
isolated from a walnut orchard in southwestern West-
ern Australia (Antony et al., 2023a), was similar to N. 
parvum in its sensitivity to these fungicides. Disease 
management programmes in these regions should take 
account of this occurrence, and ongoing monitoring is 
necessary for presence and/or absence of Neofusicoccum 
spp. in all walnut-growing regions of Australia.

The fungicides assessed in this study included one 
QoI (pyraclostrobin), two DMIs (prochloraz, tebucona-
zole) and four SDHIs (boscalid, fluopyram, fluxapyroxad, 
penthiopyrad), chemical classes that have been impli-
cated in widespread development of fungicide resistance 
among target organisms. For instance, a study during 
2010 to 2012 in strawberry fields in Florida found that 
87% of the B. cinerea isolates tested were resistant to 
pyraclostrobin (Amiri et al., 2013). Resistance at this high 
level would mean complete failure of disease control and 
complete crop loss. In Australia, pyraclostrobin (QoI) 
and tebuconazole (DMI) were first approved by the APV-
MA in 2017 for disease management in walnut orchards 
(Lang and Simpson, 2018), pyraclostrobin for controlling 
Botryosphaeria dieback and tebuconazole for managing 
apical necrosis (Alternaria spp. and Fusarium spp.). Since 
then, the Australian walnut industry has used multiple 
applications of these two fungicides in each growing sea-
son for 5 years, until a mixture of fluopyram and tebu-
conazole was approved in 2022. Resistances to QoI and 
DMI fungicides have been reported in other crops fol-
lowing field applications over 2 years for QoIs and 7 years 
for DMIs (Brent and Hollomon, 2007). Therefore, field 
application of pyraclostrobin and tebuconazole for more 
than 7 years warrants careful monitoring for any changes 
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in pathogen sensitivity to these fungicides. The present 
study did not determine whether reduced efficacy of pyr-
aclostrobin in the glasshouse and field experiments, com-
pared to the tebuconazole formulations, was due to mul-
tiple applications of pyraclostrobin in commercial walnut 
orchards over the previous 6 years. Establishing baseline 
sensitivity data of the Botryosphaeriaceae spp. recovered 
from Australian walnut orchards, for fungicides to be 
included in rotation programmes, is an aspect requiring 
further research.

This study found that efficacy of the mixture of 
fluopyram (SDHI) and tebuconazole gave similar effi-
cacy to formulation containing only tebuconazole. After 
a comprehensive review of experimental and modelling 
evidence, van den Bosch et al. (2014) supported use of 
fungicide mixtures containing chemicals with different 
modes of action as a resistance management strategy, 
even if the individual components belonged to at-risk 
categories for resistance development. However, use of 
mixtures with SDHIs requires careful monitoring for 
emergence of cross-resistance to other SDHIs. Cross-
resistance patterns between boscalid and other SDHIs 
including fluopyram have been reported in other crops, 
and a fluopyram-resistant isolate of A. alternata show-
ing cross resistance to other SDHIs was detected in pis-
tachios (Avenot et al., 2014; Avenot et al., 2019). Shifts 
in sensitivity to SDHI constituents of fungicide mix-
tures should be monitored. Even with constituents other 
than SDHIs, it is possible that applications over succes-
sive years may lead to the survival of Botryosphaeriaceae 
isolates with high levels of resistance to the constituent 
fungicides. Therefore, strategies beyond using mixtures 
of at-risk fungicides are important for maintaining effec-
tive fungicide application programmes.

The detached stem assays, glasshouse experiments 
and field trial outlined here consistently showed that 
all the fungicides assessed were more effective when 
applied as preventative treatments than as curative treat-
ments. This is similar to the results of Díaz and Latorre 
(2013), who found that regardless of the fungicide and 
application method, the treatments applied 24 h before 
inoculations with grapevine trunk disease pathogens 
gave better protection than treatments applied 24 h post-
inoculation. The field trial also showed that the tebu-
conazole, tebuconazole + fluopyram and pyraclostrobin 
formulations gave high preventative efficacy for 7 d, and 
high curative efficacy for 3 d. The preventative efficacy 
was moderate for 14 d and curative efficacies were also 
moderate but only for 7 d. The present study used artifi-
cial inoculations with high numbers (~500) of conidia in 
the field experiment. In the natural inoculation process-
es, host wounds may not be exposed to this amount of 

inoculum, so under field conditions with natural inocu-
lation in commercial orchards, tebuconazole, tebucona-
zole + fluopyram and pyraclostrobin may have better 
preventative and curative efficacy for longer periods (e.g. 
2 weeks of preventative protection and 1 week of cura-
tive protection).

Periods of preventative and curative efficacy should 
be considered in light of host wound susceptibility peri-
ods, as has been reported to be greatest during the first 
week following wounding (Antony et al., 2023b). There-
fore, an application of one of the three fungicides with-
in 3 to 7 d following wounding may provide protection 
against Botryosphaeriaceae pathogens for 2 weeks. Simi-
larly, for the multi-site contact fungicide fluazinam, an 
application within 3 d post wounding may provide effec-
tive protection for 1 week. These conclusions align with 
those from studies on grapevines (Sosnowski et al., 2017; 
Ayres et al., 2022). In field trials in California, Michai-
lides et al. (2016) confirmed that most of the fungicides 
tested had long-term effects for reducing Botryospha-
eria dieback in walnuts. However, the long-term effect 
may depend upon whether the fungicide has systemic 
or contact activity, and on the prevailing weather condi-
tions such as rainfall at the time of fungicide application 
that may dilute or wash the fungicides off plant surfac-
es. These factors should be considered when identifying 
times for host pruning and fungicide applications.

This study has shown that the fungicides assessed as 
preventative and curative treatments in the glasshouse 
experiment prevented pathogen progression beyond 
the host lesion margins. Colonisation of Botryospha-
eriaceae beyond lesion edges has been reported in pre-
vious studies in walnut, leading to recommendations 
that, to ensure the complete removal of infected wood, 
at least approx. 5 cm of the wood beyond the lesion edg-
es should be removed (Michailides et al., 2016; Moral et 
al., 2019). For the isolates of N. parvum used in the pre-
sent study, Antony et al. (2023b) have previously shown 
that in glasshouse plants, colonisation distances dur-
ing 12 months on 1-year-old stems were up to 44 mm 
beyond lesion edges. In the present study, zero pathogen 
re-isolation at 5 mm and 10 mm beyond lesion edges 12 
months after inoculations indicates that, when the time 
between treatment and pathogen exposure is less than 
24 h, the assessed fungicides prevented further Botry-
osphaeriaceae colonisation, indicating efficacy of the 
treatments as wound protectants.

Although all the ten active ingredients assessed in 
this study were effective for inhibiting conidium ger-
mination of the pathogens, only four (tebuconazole, 
tebuconazole + fluopyram, pyraclostrobin, fluazinam) 
were tested under field conditions, and variations were 
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observed in duration of efficacy between fluazinam and 
the other fungicides. Developing an effective fungicide 
rotation programme will require establishment of the 
protective and curative efficacy periods for the other 
fungicides that were assessed in the present study.

While this study evaluated efficacy of fungicides 
for inhibition of in vitro mycelium growth for all five 
fungi recovered from Australian walnut orchards, fur-
ther experiments on effects on conidium germination, 
detached stems, and glasshouse plants targeted only the 
two prevalent species, D. seriata and N. parvum. These 
two fungi were also the most virulent among the species 
recovered from Australian walnut orchards, with N. par-
vum more virulent than D. seriata, so these fungi were 
the focus of the study. Considering the intra-species var-
iation in virulence among the isolates of these species on 
various types of walnut tissue (Antony et al., 2023b), to 
ensure the validity of the results for informing fungicide 
management strategies for the Australian walnut indus-
try, three isolates were used for each prevailing patho-
gen. However, for the field experiment, N. parvum was 
selected because of its aggressiveness and potential for 
damaging productivity of the Australian walnut indus-
try in Victoria and New South Wales. While the nation-
al survey recovered N. parvum from two states, D. seria-
ta was recovered from all the walnut-growing regions in 
five Australian states. Further field trials are required, 
particularly for D. seriata and in walnut-growing regions 
of South Australia, where all the isolates recovered were 
identified as D. seriata (Antony et al., 2023a).

This study investigated efficacy of fungicides for 
reducing disease incidence on wounds created by tip 
pruning of walnut stems, since infections by the Botry-
osphaeriaceae are primarily through host wounds (Slip-
pers and Wingfield, 2007; Adaskaveg et al., 2022). The 
present study has provided useful recommendations for 
protection of walnut trees from Botryosphaeria dieback 
when specific orchard activities (e.g., hedge pruning, tree 
training, canopy management) are employed that cause 
injuries to trees. There are also other factors that could 
contribute to disease pressure in walnut orchards. These 
include: latent infections by Botryosphaeriaceae (Slippers 
and Wingfield, 2007), internal infections from previous 
season’s infected fruits that lead to invasion of patho-
gens into host spurs through peduncles (Michailides et 
al., 2014; Adaskaveg et al., 2017), and ability of N. par-
vum to penetrate non-wounded green tissues (Antony et 
al., 2023a). To address these issues, development of inte-
grated disease management is warranted, which incor-
porates rotational fungicide programmes with biological 
control agents, along with cultural and crop manage-
ment strategies, including orchard hygiene, appropriately 

timed tree training practices and selection of disease-
resistant cultivars.
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Summary. The root rot complex of geranium plants caused by Rhizoctonia solani and 
Macrophomina phaseolina is a major threat, and control of these pathogens predomi-
nantly relies on chemicals. This study explored multifaceted applications of Bacillus 
velezensis (strain B63) and chitosan, assessing their biocontrol efficacy against root rot, 
and their subsequent effects on rhizosphere communities. Strain B63 was antagonistic 
to R. solani and M. phaseolina. Under field conditions, greatest efficacy was obtained 
with strain B63 (36% and 33% disease reductions in, respectively, two growing sea-
sons), chitosan soaking + foliar spray 0.2% (CSF 0.2%) (33 and 27% reductions), and 
0.1% chitosan soaking + foliar spray (CSF 0.1%) (33 and 26% reductions). These treat-
ments also changed rhizosphere microbiota, as shown by numbers of colony-forming 
units (CFU) and 16S rRNA gene microbiome analyses. Concomitant with rhizosphere 
shifts, essential oil yields and composition were positively affected, as shown by gas 
chromatography analyses. Chitosan soaking + foliar spray 0.2% increased concentra-
tions of citronellol (1.36-fold), geraniol (1.37-fold), citronellyl formate (1.54-fold), and 
geranyl formate (1.94-fold) in geranium essential oil, compared with the experimental 
controls. Strain B63 also increased these essential oils by 1.04- to 1.27-fold. B63 also 
enhanced eugenol levels by 1.35-fold. Treatments with B63 were more effective than 
chitosan in improving the geranium plant morphological parameters (plant height, 
numbers of branches, biomass). These results show that B. velezensis strain B63 treat-
ments have potential for enhancing yields and product quality from geranium plant 
under root rot infection.

Keywords. Antagonistic bacteria, soil suppressiveness, marker genes, hydrodistilla-
tion, nitrogen fixation.
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INTRODUCTION

Plant rhizosphere microbiomes play critical roles by 
promoting nutrient uptake, modulating plant immunity, 
suppressing pathogens, and controlling diseases (Olan-
rewaju and Babalola, 2022). Plants communicate with 
soil microbial communities through the exudation of a 
wide variety of compounds, boosting beneficial sym-
bioses, modifying soil chemical and physical features, 
and inhibiting growth of plant pathogens. Plant roots 
secrete 5 to 21% of all photosynthetically fixed carbon 
in their rhizospheres (Simon and Haichar, 2019). Patho-
genic microorganisms in soil can trigger plant immu-
nity by modulating the root metabolism to engage root 
microbiota to stimulate plant defense and resistance to 
pathogens (Hou et al., 2021; Lyu and Smith, 2022). This 
has been illustrated in research by Liu et al. (2017), who 
discovered that when cucumber roots were attacked by 
Fusarium oxysporum, tryptophan was released and func-
tioned as a signal to attract Bacillus amyloliquefaciens, 
which then protected cucumber from the pathogen. 
Wang et al. (2019) also demonstrated positive effects of 
lactic and hexanoic acids in tomato root exudates on the 
growth of Bacillus cereus, and reduction of host infec-
tion by Ralstonia solanacearum. Carrión et al. (2019) 
demonstrated that Rhizoctonia solani incited prolifera-
tion of Chitinophaga, Flavobacterium, and Pseudomonas 
spp. in sugar beet rhizospheres by activating their bio-
synthetic gene clusters to eliminate the fungal pathogen. 
A new hypothetical concept (the ‘cry for help’) has been 
proposed where plants under stress recruit beneficial 
microbiomes recruitment, and this protects them from 
detrimental effects, and can provide an array of growth-
promoting benefits (Ali et al., 2023). Changes in rhizo-
sphere microbiome composition could predict whether 
plants remain healthy or become infected by pathogens 
(Gu et al., 2022).

Geranium (Pelargonium graveolens L’Hér.) is a widely 
cultivated medicinal aromatic plant, which is extensively 
used for its essential oil (Narnoliya et al., 2019). Egypt, 
the second-largest producer and exporter of geranium 
oil after China, also holds second place following Reun-
ion Island for the quality of its oil (Narnoliya et al., 2019). 
Geranium plants grown in Egypt are susceptible to sev-
eral plant pathogens, including oomycetes and fungi. 
These include Fusarium semitectum, Rhizoctonia solani, 
Macrophomina phaseolina, and Pythium ultimum, which 
can cause significant damage and yield losses (Dewidar 
et al., 2019). This root rot complex (Yu et al., 2023) causes 
symptoms of rotted stems and roots, wilting or yellowing 
leaves, browning or blackening of the xylem vessels, and 
plant death (Prasad et al., 2008). While fungi attack gera-

nium roots, early plant symptoms are often indistinct. As 
infections progress these can cause severe reductions in 
crop yields (Coque et al., 2020).

Different strategies have been developed to control 
root rot diseases, including cultural, physical, biological, 
and chemical control methods (Williamson-Benavides 
and Dhingra, 2021). Employing microbial antagonists 
and natural antifungal substances to improve soil sup-
pressiveness and enhance plant defensive priming is a 
promising approach to controlling soil-borne fungal 
pathogens (Elsayed et al., 2020).

The success of introducing microorganisms for plant 
disease control is dependent on their adaptation and 
survival within host rhizospheres. Choosing the best 
microbial strain is critical, as it has direct impact on 
colonization density and effectiveness. Bacillus, a hetero-
trophic saprophyte, is common in soil and aquatic habi-
tats, particularly in soils, where it exists as latent spores 
at temperatures near 0°C, allowing these bacteria to 
resist adverse environmental conditions (Maslennikova 
et al., 2023). Bacillus velezensis, particularly strains GB03, 
QST 713, FZB42, and D747, has commercial potential 
for disease biocontrol and host plant growth promotion 
(Vallejo, 2023). These bacteria directly combat infections 
through competition and antagonism, and indirectly 
support plant defenses and growth by stimulating pro-
duction of protective chemicals (Chen et al., 2023).

Application of natural compounds is also useful for 
managing plant pathogens (Azmana et al., 2021). The 
macromolecules chitin and chitosan have been used in 
plant disease management. Chitosan is a natural poly-
saccharide found in the exoskeletons of crustaceans, 
insect cuticles, and fungus cell walls (Piras et al., 2015). 
Chitosan has several agricultural applications, includ-
ing promoting plant growth, eliciting plant resistance to 
biotic and abiotic stresses, and activation of symbiotic 
signalling between plants and beneficial microorganisms 
(Li et al., 2020). This compound induces defense-related 
enzymes, accumulation of defense-related secondary 
metabolites, and increases nitrogen metabolism enzymes 
(Román-Doval et al., 2023). Chitosan also creates physi-
cal barriers around pathogen penetrations and inhibits 
pathogen spread in host plants (El Hadrami et al., 2010).

Previous studies have indicated successful control 
of R. solani and M. phaseolina using Bacillus spp. and 
chitosan. However, effects of Bacillus and chitosan on R. 
solani and M. phaseolina, and on bacterial soil microbio-
ta, and geranium physiological and biochemical respons-
es have not been defined. The purpose of the present 
study was to determine the influence of B. velezensis B63 
and chitosan on soil microbiota and on geranium mor-
phological and physiological parameters.



139Bacillus velezensis B63 and chitosan control geranium root rot

MATERIALS AND METHODS

Bacillus velezensis (B63) and culture conditions

Bacillus velezensis B63, known for its antibacteri-
al and antifungal activities (Elsayed et al., 2020; Reyad 
et al., 2022), was obtained from Dr Tarek R. Elsayed, 
Microbiology Department, Faculty of Agriculture, Cai-
ro University, Giza, Egypt. The strain was cultivated in 
an Erlenmeyer flask containing 50 mL of Luria-Bertani 
broth (10 g of tryptone, 5 g of yeast extract, 10 g of NaCl, 
and 1 liter of distilled water. The pH was adjusted to 7.0 
with 1 N NaOH) (Bertani 1951), and was incubated in 
a rotary shaker at 30°C. After 24 h, the bacterial cells 
were centrifuged (4500 g for 10 min); the pellet was then 
washed three times in sterile 0.85% NaCl, and the cell 
density was adjusted to OD600 = 1.0 (approx. 108 CFU 
mL-1) in 0.85%. NaCl.

Chitosan preparation

One gram of Chitosan (crab shell, Sigma Chemical) 
was dissolved in 40 mL of distilled water containing 9 
mL of 1 M acetic acid. Sodium acetate was used to adjust 
the pH to 6.0. Chitosan Solutions of 0.05%, 0.1%, and 
0.2% chitosan were prepared from this stock solution 
(Anusuya and Sathiyabama, 2014).

Bacterial in vitro antifungal activity against Rhizoctonia 
solani and Macrophomina phaseolina

Rhizoctonia solani and M. phaseolina isolated from 
rotted geranium roots were obtained from our previous 
work (Reyad et al., 2022).

The antagonistic effect of the bacterium (B. velezen-
sis B63) on R. solani and M. phaseolina was carried out 
in vitro using dual-culture plate assays. Potato dextrose 
agar (PDA) plates were inoculated with a 6-mm diam. 
actively growing R. solani and M. phaseolina cultures 
that separately placed on one side of the plate. A loop 
of the B63 bacterial suspension (108  CFU  mL−1) was 
streaked at opposite sides of the plate. Control plates 
were cultured only with the fungal pathogens. The plates 
were then incubated at 25°C for R. solani or 30°C for M. 
phaseolina. Three replicates were used for each treat-
ment. Upon complete mycelial growth in any treatment 
plate, the radial growth of the fungi in the control and 
treatment plates was measured and inhibition percent-
ages were calculated as follows:

I% = C‐d/C × 100

where: C is the mycelium radial growth of the fungus in 
control; d: is the mycelium radial growth of the fungus 
in the treatment.

Field experiment design

Field experiments were carried out in two consecu-
tive years (2019–2020 and 2020–2021), in a field located 
at the Medicinal and Aromatic Plants Department Farm, 
Horticulture Research Institute, Agricultural Research 
Center, El-Qanater El-Khayreya, Qalyubia, Egypt (30° 
11’36.9”N, 31°7’55.43”E). From this field, terminal cut-
tings (lengths = 20 cm) from healthy geranium plants 
were obtained from a 2-year-old geranium plant.

The experimental setup consisted of the follow-
ing nine treatments (with respective abbreviations used 
hereafter):
1. Control plants (CK)
2. Plants treated with Topsin-M fungicide (TM)
3. Plants pre-treated with chitosan at 0.05% (CS 0.05%)
4. Plants pre-treated with chitosan at 0.1% (CS 0.1%)
5. Plants pre-treated with chitosan at 0.2% (CS 0.2%)
6. Plants pre-treated and sprayed with chitosan at 

0.05% (CSF 0.05%)
7. Plants pre-treated and sprayed with chitosan at 0.1% 

(CSF 0.1%)
8. Plants pre-treated and sprayed with chitosan at 0.2% 

(CSF 0.2%)
9. Plants treated with B. velezensis strain B63 (108 CFU 

mL-1)
The plant pre-treatments were applied, respectively, 

using Topsin-M fungicide at the recommended dose (2 
g L-1), chitosan solution at 0.05%, 0.1% or 0.2%, and a 
suspension of B. velezensis strain B63 (108 CFU mL-1), 
by soaking cuttings in the treatments for 30 min. The 
control treatment cuttings were soaked in water. The 
treated cuttings were then planted on 15 November in 
both 2019 and 2020. Chitosan spraying treatments and 
additional treatments with B. velezensis strain B63 (soil 
drench) (treatments from 6 to 9 above) were each applied 
three times: the first application was carried out 45 d 
after planting, the second was carried out 1 month later, 
and the third was applied 30 d after the second applica-
tion. Strain B63 (treatment 9 above) was applied as a soil 
drench at the same three times.

Each experiment plot consisted of 4 rows, each of 
5 m length with 60 cm spacing between the rows. The 
plants in the rows were at 25 cm spacings. Three repli-
cates were used for each treatment. Chemical fertilizers 
(NPK) and other agricultural practices were applied as 
recommended for conventional geranium crop culture. 
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Plant morphology and disease assessment

Two cuts (the first on 15 May, the second on 15 
October, in each of 2020 and 2021) were taken from the 
geranium plants in the trials. Plant heights, numbers 
of branches, and plant fresh and dry weights (g) were 
assessed from each plant cut.

Disease symptoms became visible only after the first 
cut in each trial, and disease development was assessed 
on 15 October in each year, as percentages of plant mor-
tality. 

Geranium essential oil yields and gas chromatography 
analyses

The essential oil percentage was obtained by hydro-
distillation using a Clevenger-type apparatus (British 
Pharmacopoeia, 1963). The percentages and yields (mL) 
of essential oil per plant were calculated for three rep-
licates.

For essential oil composition analysis, samples 
from the second-cut field harvest from the 2020–2021 
trial were analyzed using Gas–liquid chromatogra-
phy (GLC) in the Laboratory of the Medicinal and 
Aromatic Plants Research Department, Horticulture 
Research Institute, using Ds Chrom 6200 GC with a 
flame ionization detector to separate volatile oil com-
ponents. The chromatograph apparatus has a capil-
lary column composed of BPX-5.5% phenyl (equiv.) 
polysilphenylene-siloxane (30 m × 0.25 mm ID × 0.25 
μm film). The temperature program ramp increased 
at a rate of 10°C min-1 from 70°C to 200°C. The gas 
flow rates were nitrogen at 1 mL min-1, hydrogen at 
30 mL min-1, and air at 330 mL min-1. Temperature of 
the detector was 300°C, and of the injector was and 
250°C. The GC chromatogram and analysis report for 
each sample were used to identify the percentage of 
the main components of each essential oil.

Microbiological analyses

Sampling and sample preparation

At the end of each trial (October 15), the geranium 
plants were cut. After removing loosely attached soil, 
rhizosphere soil was extracted from each sample. Five 
grams of roots from each sample were placed in a sterile 
Stomacher bag and mixed with 45 mL of sterile NaCl for 
60 sec at medium speed with a Stomacher 400 blender. 
The Stomacher mixing process was repeated three times 
to obtain each root cell suspension.

Estimation of numbers of viable bacteria and fungi

Tenfold serial dilutions of the microbial suspensions 
in sterile 0.85% NaCl obtained (as described above) were 
plated onto plate count agar (PCA) for estimations of 
total viable bacteria, or potato dextrose agar (PDA) sup-
plemented with tetracycline (50 mg mL-1) for estimations 
of total viable fungi. Numbers of bacterial colony form-
ing units (CFUs) were determined after 3 d incubation at 
28°C, and fungal CFUs were determined after 5 d incu-
bation at 25°C, respectively, and were calculated per g 
root fresh weight.

Total community DNA extraction from geranium rhizos-
phere samples

To address issues related to accuracy and cost, a 
sampling strategy was used where different random 
samples were selected from each experimental treatment 
group.

Total community DNA (TC-DNA) was extract-
ed from 250 mg of rhizosphere soil samples from each 
treatment (two replicates each). The DNeasy Power Soil 
kit (Qiagen) was used for the extractions according to 
the manufacturer’s protocol. TC-DNA was diluted (1:5) 
using Tris-EDTA and stored at -20°C. The integrity and 
quality of the extracted TC-DNA were confirmed using 
agarose gel electrophoresis and a Nanodrop 2000 spec-
trophotometer (Thermo Fisher Scientific).

Quantification of total bacteria in TC-DNA using the 16S 
rRNA gene

The total numbers of bacteria with 16S rRNA gene 
copy numbers were estimated in TC-DNA from rhizo-
sphere samples using universal primers (Eub338 and 
Eub518), according to Fierer et al. (2005). A real-time 
PCR detection system (Step One Plus Real-Time PCR 
System, Thermo Fisher Scientific) was used. Real-time 
PCR was carried out using HOT FIREPol® EvaGreen® 
qPCR Mix Plus (Solis BioDyne) in a final volume of 20 
μL for each sample. The real-time PCR conditions used 
were: an initial activation step at 95°C for 12 min, fol-
lowed by 40 cycles each of denaturation at 95°C for 30 s, 
annealing at 60°C for 1 min, and extension at 72°C for 1 
min, and a final elongation step at 72°C for 5 min. The 
specific primer sequences used in this experiment are 
listed in Table S1.
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Illumina MiSeq sequencing and analyses of 16S rRNA 
gene amplicons

From the sampling strategy described above, six 
DNA samples were analyzed using the MiSeq platform 
(Illumina) to target the V3–V4 region of the 16S rRNA 
gene (Illumina, 2013), following the manufacturer’s 
instructions. The raw sequence reads in the FASTQ 
format were uploaded to the Galaxy online platform 
through the public server at usegalaxy.org for Bioin-
formatic analyses. The analyses were carried out using 
the default parameters within the standard operating 
procedure (SOP) designed for MiSeq data. The forward 
and reverse FASTQ files were paired with a minimum 
overlap length of 50 bp, maximum mismatches of 15, 
and a minimum quality of 30. Reads were filtered, and 
sequences were filtered primarily on the basis of qual-
ity. Chimera sequences were eliminated using the 
Chimera Search device. Operational taxonomic units 
(OTUs) were chosen at a cutoff level of 0.03. The repre-
sentative sequences of the OTUs were selected primar-
ily on the basis of the greatest abundance within each 
cluster. Taxonomic classification was determined using 
the Greengenes classifier. An OTU table was obtained 
and analyzed using STAMP software 2.1. for analysis 
of community composition. Sequences were depos-
ited at the public repository Sequence Read Archive 
(SRA) under the accession numbers AMN40334118 to 
SAMN40334121, and the Bioproject accession number 
PRJNA1085764.

PCR-based detection of genes encoding plant growth-
promoting functions

PCR was conducted on the extracted TC-DNA to 
amplify marker genes indicative of soil fertility and sup-
pressiveness. These include the nifH gene responsible for 
producing dinitrogenase reductase, the ituD gene relat-
ed to iturin A production, the bacC gene related to the 
bacitracin biosynthesis, and the fenD gene responsible 
for the fengycin antifungal antibiotic. These genes can 
be used to assess soil health and disease suppressiveness. 
Detailed primer sequences for these genes are shown in 
Table S1. 

Field experiment design and data analyses

The experiment was complete randomized block 
design with three replicates for each treatment. ANOVA 
was used to analyze plant mortality percentages and 
growth parameters, and means were compared using 

the least significant difference test at P ≤ 0.05. Statisti-
cal analyses were carried out using the MSTAT-C statis-
tical package. Plant mortality percentage data were arc 
sin transformed before carrying out ANOVA to produce 
approximately constant variances. Stacked column and 
principal component analysis (PCA) based on MiSeq 
sequencing data was carried out using Origin pro-2021 
version software.

RESULTS

Antifungal activity of Bacillus velezensis B63 

In vitro, B. velezensis  B63 inhibited (P ≤ 0.05) R. 
solani and M. phaseolina. Mean mycelial radial growth 
diameters were 90 mm (± 0.0) for the experimental con-
trol, 51.0 mm (± 0.58) for M. phaseolina (by 43% reduc-
tion) and 56.0 mm (± 2.52) for R. solani (by 38% reduc-
tion).

Field experiments

Under field conditions, all treatments decreased (P 
≤ 0.05) disease development (percent mortality) of gera-
nium plants, especially in 2019–2020 season. The great-
est plant mortality reduction was recorded from the 
treatments of B. velezensis B63, chitosan soaking + foliar 
spray 0.2% (CSF 0.2%), chitosan soaking + foliar spray 
0.1% (CSF 0.1%), and chitosan 0.2% soaking alone (CS 
0.2%). These treatments caused 36% (B. velezensis  B63), 
33% (CSF 0.2%), 33% (CSF 0.1%), and 31% (CS 0.2%) 
reductions (P ≤ 0.05) in plant mortality, compared to the 
control treatment in the 2019–2020 season (Table 1). 

All the treatments except B. velezensis B63, chi-
tosan soaking + foliar spray 0.2% (CSF 0.2%) and chi-
tosan soaking + foliar spray 0.1% (CSF 0.1%) gave plant 
mortality that was similar (P > 0.05) to the experimen-
tal control but still gave low mortalities compared with 
the control. Plant mortality from B. velezensis B63, chi-
tosan soaking + foliar spray 0.2% (CSF 0.2%) and chi-
tosan soaking + foliar spray 0.1% (CSF 0.1%) reduced (P 
≤ 0.05) by, respectively, 33%, 27%, and 26% compared to 
the control treatment (Table 1).

The least effective treatment was chitosan 0.05% 
soaking alone (CS 0.05%). This treatment decreased 
the plant mortality percentage from 77% to 65% 
(by 16.12% reduction: P ≤ 0.05) and from 80.90% to 
76.01% (by 6.04% reduction) for the first and second 
seasons, respectively, compared to the control treat-
ment (Table 1).

http://usegalaxy.org
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Effects of treatments on geranium plant morphology

At both cuts in the two seasons, all treatments 
increased the geranium parameters compared with 
the control treatments. Bacillus velezensis  B63 gave the 
greatest increases (P ≤ 0.05) in plant height, numbers of 
branches, and fresh and dry weights compared with the 
control (Table 2).

In 2019–2020 at the first cut, plants treated with B. 
velezensis B63 had mean plant heights that were 1.35-
fold greater than the controls, mean branch numbers 
1.56-fold greater, and fresh weights 3.44-fold greater 
than the controls (Table 2). At the second cut, mean 
plant heights from this treatment were 1.34-fold greater 
than the controls, and equivalent branch numbers were 
increased by 1.54-fold and fresh weights by 2.74-fold 
(Table 2). Plant dry weights were also increased by 2.85-
fold at both cuts (Table 2).

In 2020–2021, for the first cut, the B. velezensis B63 
treatment also increased (P ≤ 0.05) plant height by 1.84-
fold, branch numbers by 2.29-fold, fresh biomass by 
6.37-fold, and dry biomass by 6.63-fold (Table 2). From 
the second cut, these increases were 1.65-fold, 2.33-fold, 
4.85-fold, and 5.04-fold (Table 2).

Treatment application methods affected the activ-
ity of chitosan for improving geranium growth. In most 
cases, the greatest increases in plant parameters from 
chitosan treatments were from chitosan soaking + foli-
ar spray (CSF 0.2%). In 2019–2020 at the first cut, this 
treatment increased (P ≤ 0.05) plant height by 1.32-fold, 

number of branches by 1.52-fold, fresh biomass by 2.30-
fold, and dry biomass by 2.08-fold. These parameters 
also increased (P ≤ 0.05) at the second cut by 1.30-fold 
(plant height), 1.38-fold (number of branches), 2.43-fold 
(fresh biomass), and 2.53-fold dry biomass) (Table 2).

The same trend was observed in 2020–2021, where 
the chitosan soaking + foliar spray 0.2% (CSF 0.2%) 
treatment increased (P ≤ 0.05), at the first cut, means 
of plant height by 1.76-fold, number of branches by 
2.12-fold, fresh biomass by 5.05-fold, and dry biomass 
by 5.26-fold. At the second cut, these four parameters 
increased by 1.60-fold, 2.06-fold, 3.96-fold and 4.12-fold 
(Table 2).

Chitosan 0.05% soaking alone (CS 0.05%) was the 
least effective treatment, but still gave consistent and 
statistically significant (P ≤ 0.05) enhancement of gera-
nium growth parameters across both seasons and cuts, 
compared to the control treatments. In 2019–2020, for 
the first cut, plants treated with chitosan 0.05% soak-
ing alone (CS 0.05%) had 1.02-fold increased (P ≤ 0.05) 
mean plant height, 1.20-fold increased numbers of 
branches, 1.36-fold increased fresh biomass, and 1.13-
fold increased dry biomass. For the second cut, these 
parameters increased by 1.20-fold, 1.08-fold, 1.72-fold 
and 1.72-fold (Table 2).

The same trend was observed in 2020–2021, chi-
tosan 0.05% soaking alone (CS 0.05%) increased (P ≤ 
0.05) plant growth parameters across both cuts (Table 2). 
Mean plant height increased by 1.33-fold at the first cut 
and by 1.21-fold at the second cut. Similarly, at the first 
cut, branch numbers increased by 1.53-fold, and fresh 
biomass by 1.50-fold, and at the second cut these param-
eters increased by 1.38-fold and 1.19-fold. Dry biomass 
also increased by 1.38-fold at the first cut and by 1.24-
fold at the second, compared to the control treatment.

Geranium essential oil yields and gas chromatography 
analyses

Essential oil contents

All the experimental treatments affected essential oil 
production by the geranium plants, as shown in Table 
3. During the 2019-2020 season, at the first cut, signifi-
cant increases (P ≤ 0.05) in essential oil contents (1.27-
fold) and yields (4.36-fold) were recorded from the B. 
velezensis B63 treatment, compared to the controls. At 
the second cut elevated essential oil contents (1.29-fold) 
from B. velezensis B63 and (1.27-fold) from chitosan 
0.2% (CSF 0.2%) were recorded, but essential oil yield 
was significantly greater (3.54-fold: P ≤ 0.05) only for 
B63 compared to the control. Topsin-M fungicide and 

Table 1. Mean mortality proportions from root rot (at 6 months 
after a first cut) for geranium plants receiving different treatments 
in field trials carried out in 2019–2020 and 2020–2021.

Treatment a 
2019–2020 trial 2020–2021 trial

Mortality (%) Trans.* Mortality (%) Trans.*

CK 94.17 ± 3.33† 77.03 a 97.5 ± 0.00 80.90 a
TM 70.83 ± 8.82 57.95 bc 83.33 ± 8.30 67.71 abc
CS 0.05% 80.83 ± 6.67 64.61 b 92.92 ± 4.58 76.01 a
CS 0.1% 70.83 ± 3.33 57.39 bc 88.33 ± 4.58 71.12 ab
CS 0.2% 64.17 ± 6.67 53.44 c 83.33 ± 8.30 67.71 abc
CSF 0.05% 80.83 ± 6.67 64.61 b 88.33 ± 4.58 71.12 ab
CSF 0.1% 60.83 ± 8.82 51.52 c 74.17 ± 9.58 60.11 bc
CSF 0.2% 60.83 ± 6.67 51.35 c 73.75 ± 5.00 59.42 bc
B63 57.5 ± 2.89 49.33 c 65.83 ± 2.60 54.24 c
Prob>F 0.003 0.002 0.009 0.010

a CK = Control; TM = Topsin-M; CS = Chitosan soaking; CSF = 
Chitosan soaking and spraying; B63 = B. velezensis.
*Values accompanied by the same letter are not significantly differ-
ent (P > 0.05).
± † standard error; Trans = arc sin transformed value.
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chitosan 0.05% soaking alone (CS 0.05%) gave the least 
increases in oil content and yield from both cuts. Dur-
ing 2020-2021, the first cut showed significant (P ≤ 0.05) 
increases in essential oil contents. Chitosan 0.1% soaking 
alone (CS 0.1%) and B. velezensis B63 treatments gave 
the greatest increases in essential oil contents by, respec-
tively, 1.91-fold and 1.86-fold, compared to the control. 
Also, B. velezensis B63 induced an 11.82-fold increase in 
mean essential oil yield. At the second cut, the greatest 
significant increases in essential oil content (1.92-fold) 
and yield (9.3-fold) were recorded from the B. velezensis 
B63 treatment.

Essential oil components

Gas chromatography (GC) analyses of geranium 
essential oils (Figure 1) showed that the concentrations 
of the main components of geranium plants treated with 

chitosan soaking + foliar spray (CSF 0.2%) increased by 
1.36-fold for citronellol, 1.37-fold for geraniol, 1.54-fold 
for citronellyl formate, and 1.94-fold for geranyl formate, 
compared to the experimental controls. Bacillus velezen-
sis  B63 treatment also increased these components but 
to lesser extents. The increases were 1.04-fold for citron-
ellol, 1.07-fold for geraniol, 1.27-fold for citronellyl for-
mate, and 1.17-fold for geranyl formate. In addition, the 
B. velezensis  B63 treatment increased the concentration 
of eugenol by 1.35-fold compared to the controls.

Geranium rhizosphere bacterial communities

The dominant bacteria (more than 10% relative 
abundance) in the geranium rhizospheres from plants 
treated with B. velezensis B63, chitosan soaking + foliar 
spray 0.2% (CSF 0.2%) and untreated controls belonged 
to two major phyla, Proteobacteria, and Actinobacteria 

Table 3. Mean essential oil contents in geranium plants harvested in two cuts each in 2019–2020 or 2020–2021, after different experimental 
treatments were applied.

Treatment a

First cut Second cut

Mean essential oil content 
(%)

Mean essential oil yield 
(mL plant-1)

Mean essential oil content 
(%)

Mean essential oil yield 
(mL plant-1)

2019–2020
Control 0.200±0.000† d 0.757±0.020 h 0.310±0.000 e 2.065±0.020 h
TM 0.237±0.003 c 1.324±0.032 f 0.353±0.007 d 3.451±0.061 g
CS 0.05% 0.200±0.000 d 1.032±0.006 g 0.363±0.003 cd 4.153±0.026 f
CS 0.1% 0.237±0.003 c 1.682±0.016 e 0.380±0.000 b 4.712±0.017 e
CS 0.2% 0.247±0.003 ab 1.728±0.381 e 0.383±0.006 b 5.386±0.055 d
CSF0.05% 0.240±0.000 bc 1.822±0.013 d 0.380±0.000 b 5.691±0.007 c
CSF 0.1% 0.247±0.003 ab 2.011±0.041 c 0.370±0.006 c 5.794±0.085 c
CSF 0.2% 0.243±0.003 bc 2.116±0.034 b 0.393±0.003 a 6.364±0.040 b
B63 0.253±0.003 a 3.302±0.018 a 0.400±0.000 a 7.301±0.014 a
Prob>F <0.0001 <0.0001 <0.0001 <0.0001

2020–2021
Control 0.140±0.000 e 0.272±0.005 h 0.160±0.000 g 0.260±0.001 h
TM 0.233±0.003 d 0.644±0.023 g 0.247±0.003 de 0.437±0.005 g
CS 0.05% 0.243±0.003 c 0.654±0.012 g 0.237±0.003 f 0.460±0.006 g
CS 0.1% 0.267±0.003 a 1.038±0.028 f 0.240±0.000 ef 0.821±0.001 f
CS 0.2% 0.240±0.000 cd 1.637±0.004 e 0.253±0.003 cd 0.989±0.014 e
CSF0.05% 0.240±0.000 cd 1.806±0.009 d 0.250±0.000 d 1.095±0.008 d
CSF 0.1% 0.243±0.003 c 2.001±0.040 c 0.260±0.000 bc 1.558±0.002 c
CSF 0.2% 0.253±0.003 b 2.482±0.038 b 0.267±0.003 b 1.717±0.023 b
B63 0.260±0.000 ab 3.215±0.020 a 0.307±0.003 a 2.418±0.025 a
Prob>F <0.0001 <0.0001 <0.0001 <0.0001

a TM = Topsin-M; CS = Chitosan soaking; CSF = Chitosan soaking and spraying; B63 = B. velezensis
Means in each row accompanied by the same letter are not different (P > 0.05)
± † standard errors.
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(Figure 2). Acidobacteria was also dominant in rhizos-
pheres of plants treated with B. velezensis B63. A total of 
106,061 bacterial sequences were detected from the three 
treatments. The greatest number of bacterial sequences 
(38,165; Figure S1) was obtained after chitosan treat-
ment, while the lowest number (1,760) was detected from 
the B. velezensis  B63 treatment. The control treatment 
gave 29,809 sequences. The bacterial sequences were 
affiliated with 19 phyla, 41 classes, 70 orders, 147 fami-
lies, and 218 genera. The most prevalent genera (more 

than 3% relative abundance) detected from the control 
treatment were classified as Agrobacterium, Kaistobacter, 
and unclassified Rhizobiales. The most prevalent genera 
detected from the B. velezensis B63 treatment were Kai-
stobacter, Agrobacterium, unclassified Acidobacteria  iii1-
15, Comamonadaceae and Rhizobiales. Bacteria from the 
genera Kaistobacter, Gemmata, unclassified Acidobacte-
ria  iii1-15, and Bacillales were the most prevalent from 
the chitosan treatment (Table S2).

The chitosan soaking + foliar spray 0.2% (CSF0.2%) 
and B. velezensis  B63 treatments induced increases in 
abundance of some minor genera of bacteria in the soil. 
These included Sinorhizobium, WD2101, unclassified 
Gaiellaceae, Micrococcales, Rhodospirillaceae, Chthonio-
bacteraceae, and Myxococcales compared to the control. 
Bacteria in Enterobacteriaceae, Rhodoplanes, Balnei-
monas, Paracoccus, Gemmataceae, and Acidimicrobi-
ales increased under chitosan soaking + foliar spray 
0.2% treatment (CSF 0.2%), compared to the B. velezen-
sis B63 and control treatments. Agrobacterium, Plancto-
myces, Sphingomonas, Devosia, and several other genera 
decreased from the chitosan soaking + foliar spray 0.2% 
(CSF0.2%) treatment compared to the B. velezensis  B63 
and control. Conversely, the B. velezensis B63 treatment 
reduced the abundance of Paracoccus, Planctomyces, 
and several other taxa compared to the chitosan soaking 
+ foliar spray 0.2% (CSF 0.2%) and control treatments 
(Table S1).

Figure 1. Mean proportions (%) of essential oils in geranium plants 
to which different experimental treatments were applied.

Figure 2. Microbial community compositions of geranium rhizospheres, based on MiSeq sequencing data, in response to treatment with chitosan 
soaking + foliar spray 0.2% (CSF 0.2%) or inoculation with B. velezensis B63 compared to the untreated experimental controls.
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Principle component analysis (PCA) based on the 
relative abundance of all bacterial OTUs obtained from 
geranium rhizospheres showed three distinct clusters. 
The first included samples from plants treated with chi-
tosan soaking + foliar spray 0.2% (CSF 0.2%), while both 
B. velezensis  B63 and control plants had diverse micro-
bial community compositions (Figure 3).

Assessments of numbers of colony forming units 
(CFUs) from the geranium rhizospheres using plate 
count agar  showed that total numbers of bacteria and 
fungi were not different (P > 0.05) between different 
samples (Figure 4). However, all samples from the exper-
imental treatments tended to have greater numbers of 
microorganisms than the control. 

The overall number of bacteria increased (P ≤ 
0.05) by 1.13-fold, 1.14-fold and 1.10-fold for Chitosan 
0.05%, 0.1% and 0.2% soaking alone (CS0.05%, CS0.1% 
and CS0.2%) treatments, respectively, compared with 
the control. The other treatments did not significantly 
change bacterial counts compared to the control (P > 
0.05), although they still gave greater counts than the 
control (Figure 4).

Figure 4 also shows that, except for the chitosan 
soaking + foliar spray 0.1% (CSF 0.1%) treatment, the 
overall number of fungi did not change (P > 0.05) with 
any of the tested treatments compared to the control. 
Despite this, the chitosan 0.1% and 0.2% soaking alone 
(CS 0.1% and CS 0.2%) treatments increased total fungal 
counts (1.02-fold from CS 0.1% and 1.03-fold from CS 
0.2%), compared to the control, but this increase was not 
significantly different (P > 0.05). The chitosan soaking + 

foliar spray 0.2% (CSF 0.2%) treatment gave the lowest 
significant decrease in total fungal count compared to 
the control treatment.

In addition to bacterial and fungal counts, 16S rRNA 
gene copy numbers in the geranium rhizospheres were 
assessed as indicators of microbial population density. 
However, no significant differences (P > 0.05) were detected 
between treatments. The geranium rhizosphere 16S rRNA 
gene copies were in the range of 5.57 to 6.86 Log10 copies 
g−1  of root fresh mass. Specifically, except the Topsin-M 
fungicide and chitosan 0.1% soaking alone (CS 0.1%) treat-
ments, the 16S rRNA gene copies from all the treatments 
were less than in the control treatment (Figure 5).

Chitosan 0.05% soaking alone (CS 0.05%) gave the 
lowest numbers of 16S rRNA gene copies (5.57 Log10 

Figure 3. PCA analysis based on MiSeq sequencing data, showing 
separation between the microbial community compositions of the 
geranium rhizospheres for plants treated with chitosan soaking + 
foliar spray 0.2% (CSF 0.2%) or inoculation with B. velezensis B63 
compared to experimental controls.

Figure 4. The total viable bacterial and fungal counts represented 
as Log10 (colony forming units/g root fresh mass).  CK = Control; 
TM = Topsin-M; CS= Chitosan soaking; CSF = Chitosan soaking 
and spraying; B63 = B. velezensis; bars with the similar letter are not 
significantly different (p ≤ 0.05).

Figure 5. Real time PCR quantifications of total bacteria in TC-
DNA based on 16S rRNA gene copy numbers resulting in geranium 
rhizosphere soil after application of different experimental treat-
ments. CK = Control; TM = Topsin-M; CS = Chitosan soaking; CSF 
= Chitosan soaking and spraying; B63 = B. velezensis. (P > 0.05).
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copies g−1  of root fresh weight), followed by chitosan 
soaking + foliar spray (CSF 0.1%) treatment (5.87 Log10 
copies g−1  of root fresh weight). Greatest numbers gene 
copies were recorded from the Topsin-M fungicide and 
chitosan 0.1% soaking alone (CS 0.1%) treatments (6.86 
and 6.80 Log10 copies g−1 of root fresh weight respective-
ly) (Figure 5).

PCR-based detection of genes encoding plant growth pro-
moting related functions

The nifH gene encoding the nitrogenase reduc-
tase indicates the presence of nitrogen-fixing bacte-
rial populations that were detected in total community 
DNA extracted from each rhizosphere sample. Our 

results showed a relatively higher band intensity for the 
nifH gene amplified from CSF 0.1 TC-DNA, followed 
by B63-treated plants. The ituD gene was detected in all 
treatments, at least in one of the two replicates. Only 
Topsin-M and SC 0.2 showed a weak fenD gene band 
(Figure 6).

DISCUSSION

A growing body of literature recognizes the impor-
tance of biological control agents and biostimulants as 
sustainable approaches to managing plant pathogens, 
particularly with increasing concern about the use of 
synthetic fungicides (Stukenbrock and Gurr, 2023). Bio-

Figure 6. PCR-based detection of genes encoding plant growth promoting related functions.
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control agents and biostimulants offer effective solu-
tions for plant disease management, as they have proven 
efficiency for management of several diseases caused by 
fungi (Meena et al., 2022).

The present study has shown that B. velezensis  B63 
treatment had a growth-promoting effects on geranium 
plants and fungicidal effects on plant pathogenic fungi. 
This outcome corroborates results from a previous study 
(Reyad et al., 2022), which showed that B. velezensis B63 
had antifungal and plant growth-promoting properties. 
Chitosan similarly exerted positive effects, although less 
pronounced than those from B63. The application of B. 
velezensis B63 and chitosan significantly influenced the 
soil microbial communities, reduced progression of root 
rot, as indicated by lower plant mortality rates, and pro-
moted geranium growth and production of essential 
oils. These treatments increased geranium yields and 
enhanced plant quality.

Previous studies have demonstrated decreased root 
rot in plants treated with bioagents.   For example, Gao 
et al. (2022)  showed that  B. subtilis  and  B. velezensis 
reduced the incidence of Fusarium root rot in Astragalus 
membranaceus. Similarly, Wang et al. (2023) reported 
that B. velezensis  B19 was highly antagonistic to Panax 
notoginseng  (Sanqi) root rot. Maslennikova et al. (2023) 
found that a mix of B. subtilis and B. amyloliquefa-
ciens suppressed R. solani, and improved the physiol-
ogy of potato plants. El Hadrami et al. (2010) and Liu 
et al. (2016) showed that chitosan played a major role in 
enhancing plant resistance to diseases.

In the present study, effects of B. velezensis B63 
and chitosan on geranium root rot development were 
expressed as plant mortality rates across two grow-
ing seasons, and this showed that several treatments 
decreased plant mortality in the 2019-2020 field experi-
ment. The most effective treatments were B. velezensis 
B63, chitosan soaking + foliar spray 0.2% or 0.1% (CSF 
0.2% and 0.1%), and chitosan 0.2% soaking alone (CS 
0.2%). These treatments resulted in mortality reductions 
of 36% for B. velezensis B63, 33% for CSF 0.2%, 33% for 
CSF 0.1%, and 31% for CS 0.2% treatment, compared to 
untreated experimental controls. In contrast, during the 
second season (2020-2021), only treatments involving B. 
velezensis B63, CSF 0.2%, and CSF 0.1% reduced plant 
mortality by, respectively, 33%, 27% and 26%, compared 
to controls. Other treatments did not differ significantly 
from the control. The least effective treatment over both 
seasons was chitosan 0.05% soaking alone (CS 0.05%), 
which gave a smaller reduction in geranium mortality 
of 16% in 2019-2020 and 6% in 2020-2021, relative to 
the control plants. These results indicate that chitosan 
efficacy was dose dependent. The observed difference 

in treatment efficacy, especially for chitosan treatments, 
may also have been due to different climatic conditions 
prevailing during the two growth seasons.

Bacillus velezensis  B63 also strongly suppressed in 
vitro growth of R. solani and M. phaseolina. Suppression 
of R. solani and M. phaseolina by specific microorgan-
isms has been associated with the formation of second-
ary metabolites that are toxic to the pathogens, such as 
siderophore bacteriocins, and cyanide (Lahlali et al., 
2022). The strain B63 was found to produce secondary 
metabolites related to biological control, including baci-
lysin, macrolactin, bacillaene, bacillibactin, surfactin, 
and fengycin, (Helal et al., 2022). Surfactin is important 
for motility, signalling, and biofilm formation as well as 
surface colonization (Hafeez et al., 2019;   Helal et al., 
2022; Reyad et al., 2022). 

In the present study, B. velezensis B63 and chi-
tosan applications reduced geranium root rot and also 
improved the morphometric parameters of field-grown 
geranium plants during the growing seasons, including 
plant height, number of branches, and mass per plant. 
Other studies have confirmed that Bacillus can promote 
plant growth (Fan et al. 2018), directly or indirectly 
(Yánez-Mendizábal and Falconí, 2018). For example, B. 
velezensis (CE 100) effectively promoted growth of seed-
lings of Japanese cypress (Chamaecyparis obtusa End-
licher), by secreting lytic enzymes (Moon et al., 2021). 
Similarly, Zhao et al. (2016) demonstrated that applica-
tion of B. velezensis (GB03) increased the growth of the 
traditional Chinese herbal plant Codonopsis pilosula. 
Khan et al. (2020), reported that B. velezensis Lle-9 had 
broad-spectrum antifungal and plant growth promotion 
activity. The ability of B. velezensis B63 to improve the 
geranium growth may be attributed to its plant growth-
promoting traits such as nitrogen fixation and phosphate 
solubilization (Reyad et al., 2022).

The significant influence of chitosan on agromor-
phological characteristics observed in the present study 
is comparable to previous results for sweet basil (Gha-
semi Pirbalouti et al., 2017), Mentha piperita L. (Ahmad 
et al., 2019; Da Silva et al., 2021), Carla (Momordica char-
antia L.) (Sharifi-Rad et al., 2020), Amaranthus hybridus 
L. (Berliana et al., 2020), and Moringa (Moringa oleifera 
L.) (Zubair et al., 2021). These comparable results could 
be attributed to chitosan stimulation of production of 
plant hormones such as auxins and cytokinins, which 
promote cell elongation and division, and increase plant 
growth. Enhanced transportation of nitrogen in func-
tional leaves also supports plant growth and develop-
ment and enhances plant quality attributes by increasing 
protein synthesis and chlorophyll production (Mazrou et 
al., 2021). In contrast to the present results, Kahromi and 
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Khara (2021) found that foliar application of chitosan did 
not affect biomass of Dracocephalum kotschy. A possible 
explanation for this could be differences in application 
methods, application time, and the different plant species 
(Kahromi and Khara, 2021).

Photosynthesis rate is important for plant productiv-
ity and is dependent on mineral nutrient uptake (Evans 
2013; Li et al. 2023). Nutrient uptake determines chloro-
phyll content in leaves and photosynthetic functioning. 
Increased photosynthesis then increases accumulation of 
carbohydrates and secondary metabolites in medicinal 
plants (Swamy and Rao, 2009). Growing evidence also 
indicates that plant-microbe interactions influence the 
quantity and types of secondary metabolites produced 
by plants, ultimately affecting overall plant yields. This 
has created interest in the application of biostimulants to 
cultivated medicinal and aromatic plants using natural 
methods (Kıtır Sen and Duran, 2023). Concentration and 
composition of essential oils (Eos) in plants also have eco-
logical significance. For example, increased EO production 
can be a defense mechanism against microbes (Orhan et 
al., 2012).

In the present study, applications of chitosan and B. 
velezensis B63 improved geranium essential oil yield. Spe-
cifically, B. velezensis strain B63 treatment gave the great-
est percentage of essential oil content and greatest yield. 
Increased levels of essential oil in plants treated with B. 
velezensis may explain their enhanced resistance to root 
rot infections in the field observed in this study. This 
aligns with previous research demonstrating the potent 
antimicrobial properties of plant essential oils, making 
them valuable biocontrol agents against plant pathogens 
(Raveau et al., 2020). The high oil yields observed in B. 
velezensis-treated plants could be due to plant growth pro-
motion, particularly from phosphate solubilization. Nitro-
gen and phosphorus are crucial elements for medicinal 
plants as they contribute to precursor structures of essen-
tial oils (Dehsheikh et al., 2020). Kıtır Sen and Duran 
(2023) also reported that B. subtilis and B. megaterium 
led to increased yields of Izmir thyme. Other reports have 
shown that chitosan can increase essential oil content of 
thyme (Emami Bistgani et al., 2017), Origanum vulgare 
(Bharti et al., 2013), and Matricaria chamomilla L. (cham-
omile) (Mazrou et al., 2021).

Chitosan soaking + foliar spray 0.2% (CSF 0.2%) and 
B. velezensis  B63 also increased production of the sec-
ondary metabolites citronellol, geraniol, citronellyl for-
mate, and geranyl formate in geranium essential oil. This 
bacterium strain also increased production of eugenol. 
These results are similar to those from previous studies, 
indicating that foliar chitosan applications at 0.01% pro-
moted accumulation of artemisinin in Artemisia annua 

(Lei et al., 2011) and β-caryophyllene in basil (Ocimum 
basilicum L.) (Antoniazzi and Deschamps, 2006). Simi-
larly, chitosan boosted in vitro saponin accumulation 
in Panax ginseng  (Chamkhi et al., 2021), and rosmarinic 
acid and quercetin in Dracocephalum kotschyi (Kahromi 
and Khara, 2021). Bacteria also release molecules that 
can be elicitors, inducing metabolic alterations in host 
plants, including accumulation of secondary metabolites. 
For example, B. subtilis uses lipoproteins such as sur-
factins and fengycins as elicitors to activate host plants 
(Chamkhi et al., 2021).

Rhizosphere microbiomes promote plant nutrient 
uptake, modulate plant immunity, suppress pathogens, 
and control diseases (Olanrewaju and Babalola, 2022). 
Ali et al. (2023) described the “cry for help” theory of 
plant responses. Plants exposed to stress actively recruit 
specific microorganisms to provide protection from det-
rimental effects. Changes in rhizosphere microbiome 
composition could indicate whether plants stay healthy 
or become infected by pathogens (Gu et al., 2022). No 
previous research has been published on the influence of 
B. velezensis B63 and chitosan treatments on the gerani-
um rhizosphere microbiome. The present study showed 
that B. velezensis  B63 and chitosan soaking + foliar 
spray 0.2% (CSF 0.2%) were effective treatments for 
reducing geranium root rot and improving plant yields, 
as well as changing rhizosphere microbiome structure, 
including CFU and 16S rRNA gene analyses. Focus on 
bacterial community aims to provide insight into bio-
logical control mechanisms active in the rhizosphere. 
Direct quantification of pathogenic fungi can provide 
valuable information, but the objective was to elucidate 
the intricate relationships between rhizosphere bac-
teria and fungi, as well as host plant ability to interact 
with and respond to these microorganisms. By exam-
ining changes in bacterial populations, the study indi-
rectly inferred effects on pathogenic fungi, to provide an 
understanding of the complex interactions involved in 
plant health and disease resistance.

The most obvious result from this analysis was that 
after treating geranium plants with B. velezensis B63 and 
chitosan soaking + foliar spray, the amounts of Kaisto-
bacter showed 2-fold increases. This genus is known to 
have several important ecological roles, including heavy 
metal accumulation and bioremediation of polluted sites 
(Garbini et al., 2022), and provision of abiotic stress tol-
erance and plant growth promotion (dos Santos Lopes et 
al., 2021). Studies have also shown that Kaistobacter spp. 
can enhance plant nutrient uptake and improve resist-
ance to pathogens (Chen  et al., 2020). There was also a 
2.3-fold and 1.4-fold increase in the amounts of bacte-
ria in the unclassified Acidobacteria iii1–15 due to chi-
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tosan treatment, and a 1.4-fold increase from B. velezen-
sis B63 treatment. Acidobacteria are active in the rhizo-
sphere, where they break down complex carbohydrates 
from plants, and have genes for extracellular peptidas-
es, which help to release ammonium during nitrogen 
cycling. Additionally, these bacteria can contribute to 
the plant growth (Pinho et al., 2020). Chitosan and B. 
velezensis  B63 treatments also increased the abundance 
of Gemmata, by, respectively, 2.20-fold and 1.11-fold.  
According to Li et al.  (2022), Gemmata promote plant 
growth and have important roles in cucumber growth.

Chitosan and B. velezensis  B63 treatments also 
induced increases in abundance of some minor bacte-
rial genera in field soil. Various members of these groups 
may have crucial roles in regulating plant growth and 
development (Srivastava et al., 2022). Some of these bac-
teria have been identified as beneficial for plants in other 
pathosystems. Rhodoplanes and the nitrogen uptake-
related Sinorhizobium, could provide benefits through 
regulation of root development, upholding hormonal 
balance, facilitating mobilization and acquisition of 
nutrients, and suppressing disease in host plants (Srivas-
tava et al., 2022). Increases in these microorganisms in 
soil were associated with enhanced growth and develop-
ment of geranium plants.

Numbers of bacterial colony-forming units (CFUs) 
were generally greater in all experimental treatment soil 
samples than in the control samples. For fungi, some 
changes were observed across treatments. Despite the 
general decrease in fungal CFU counts, application of 
chitosan at the tested concentrations increased fungal 
counts. In addition, elucidating the microbial commu-
nity structure, 16S rRNA gene copy numbers indicated 
the density of the communities. The copy numbers were 
generally elevated across all treatments. Chitosan con-
centrations, when applied through soaking or spraying, 
varied markedly, indicating that the application meth-
od affected the structure of the bacterial community in 
geranium rhizospheres. Application of B. velezensis B63 
resulted in considerably reduced 16S rRNA gene copy 
numbers, indicating an alteration in the constitution 
of the microbial community. Application of chitosan 
and inoculation with the B63 strain caused dominance 
of bacterial populations carrying genes associated with 
soil fertility (e.g., nifH), and disease suppression (ituD 
and FenD) in geranium rhizospheres. High intensity of 
nifH was recorded in plants treated with chitosan soak-
ing + foliar spray and with B. velezensis B63. Biological 
nitrogen fixation converts nitrogen into ammonia, which 
is biologically usable, and is also produced through soil 
mineralization. The nifH gene is commonly used as a 
marker for the molecular analyses of nitrogen-fixing 

microorganisms. In the present study, the increase in 
nifH was consistent with the results of Liu et al. (2022), 
who reported that the copy numbers of the N2-fixing 
gene nifH increased in watermelon rhizospheres after 
Burkholderia vietnamiensis B418 inoculation.

CONCLUSIONS

The bacterium B. velezensis B63 had antagonistic 
activity against Rhizoctonia solani and Macrophomina 
phaseolina in vitro. This organism also reduced damage 
of geranium plants during growing season more than chi-
tosan. Both treatments led to changes in composition of 
the soil microbiota. Numbers of bacteria fixing nitrogen 
and nutrient uptake increased. This was accompanied by 
increases in geranium plant morphometric and physiolog-
ical parameters (essential oil composition), and increases 
in essential oil yields. These results indicate that the chi-
tosan and the beneficial bacterium B63 could be effective 
for plant disease control. The increased essential oil pro-
duction and improved plant growth and yield observed in 
this study were likely due to the attractiveness of gerani-
um root exudates to antimicrobial and plant growth pro-
moting (PGP) bacterial communities (Kaistobacter, Agro-
bacterium, Gemmata, Rhodoplanes, Sinorhizobium, and 
unclassified Acidobacteria  iii1-15) around the plant roots. 
Further research is required to identify the specific types 
of beneficial bacteria involved in this interaction, and 
to determine how they are influenced by root exudates 
under stress of pathogen infections.
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