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Abstract 
Background and aims  The Kiwifruit Vine Decline 
Syndrome (KVDS) is a disease that is currently a chal-
lenge for kiwifruit production in Italy, and it is spread-
ing in new production areas. However, the causal agent 
of this syndrome has not been clearly identified, and we 
still know little about the overall effects of KVDS on the 
interactions between the host plant and its microbiome.
Methods  In this study, we combined metabarcoding 
and targeted isolation (leaf baiting) to characterize 
the changes in the rhizosphere and root microbiomes 
associated with symptoms of KVDS.
Results  Our results suggest that KVDS has little impact 
on the bacterial, fungal, and oomycete communities asso-
ciated with soil and roots, and we detected weak signa-
tures of potential dysbiosis. On the other hand, we found 
a consistent association of the oomycete Phytopythium 

vexans with samples from plants symptomatic to KVDS, 
which matches the nucleotide sequences of the isolates 
obtained through baiting and, partially, the isolates from 
previous studies.
Conclusion  While our results support the idea that P. 
vexans might be the major candidate agent of KVDS, 
there are still several unanswered questions that need to 
be addressed before being able to provide effective solu-
tions to this emerging challenge in kiwifruit production.

Keywords  KVDS · Bacteria · Fungi · Oomycetes · 
Metabarcoding · Baiting

Introduction

The Kiwifruit Vine Decline Syndrome (KVDS) is 
a new challenge for kiwifruit production that has 
caused great damage in Italy since 2012 and has 
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been reported in several other countries (Donati et al. 
2020; Savian et al. 2022). Plants affected by this syn-
drome quickly die back during summer (Fig. 1A) as 
consequence of the extensive damage caused to the 
root system (Fig.  1B and C), which cannot support 
the water demand from the canopy and leads to the 
collapse of the entire plant (Savian et al. 2020, 2022). 
This generates costs due to both the complete loss of 
production and the replacement of diseased plants. 
One of the most recent estimates suggests a loss of 
300 million EUR only for the year 2020 in Italy, with 
likely higher values for the following years (Tacconi 
et al. 2020). Although KVDS is challenging for kiwi-
fruit production, little is known about the mechanisms 
underlying its induction and spread.

Initially, it has been proposed that KVDS is 
induced by abiotic stresses, including waterlog-
ging and high soil temperature, as a consequence of 
climate change (Tacconi et  al. 2014; Sorrenti et  al. 
2016; Bardi 2020; Bardi et al. 2020, 2022). However, 
Savian et al. (2020) grew kiwifruit plants on soil from 
a field where KVDS symptoms were frequent, and 
this soil was either sterilized by autoclaving or unster-
ilized, and the results clearly showed that KVDS is 
solely induced when the soil is not sterilized, demon-
strating that KVDS has a biotic origin. Although sev-
eral studies have attempted to identify the potential 
microorganisms responsible for KVDS, the causative 
agents of this syndrome have still not been clearly 
identified.

Several microorganisms have been identified as 
potential agents of KVDS. Early studies suggested 

the potential involvement of bacteria (Clostridium 
bifermentans and Clostridium subterminale) (Spiga-
glia et  al. 2020) or fungi (e.g., Desarmillaria tabe-
scens) (Donati et al. 2020). However, after more than 
10  years of investigations, there is wide consensus 
on the association of diverse oomycetes with KVDS, 
as species of Phytopythium, Pythium, and Phytoph-
thora are much more frequently isolated from symp-
tomatic plants in different geographic areas (Donati 
et al. 2020; Prencipe et al. 2020; Savian et al. 2020) 
and can induce KVDS under controlled conditions 
(Prencipe et  al. 2023). Metabarcoding of fungal and 
oomycete communities also suggested associations 
of species of Phytopythium and Phytophthora with 
symptomatic kiwifruit plants (Savian et  al. 2022; 
Mian et al. 2023a; Guaschino et al. 2024).

While previous studies have shown that oomy-
cetes might be responsible for KVDS, we still lack a 
comprehensive analysis of the microbial communi-
ties of healthy and symptomatic plants in field condi-
tions, which can help in identifying potential agents 
of KVDS. To address this knowledge gap, in this 
study, we surveyed a wide area where KVDS is cur-
rently spreading, characterized the bacterial, fungal, 
and oomycete communities of roots and soil from 
symptomatic and asymptomatic KVDS plants, and 
performed targeted isolation of oomycetes poten-
tially responsible for this syndrome. We hypothesize 
to observe changes in the structure of the micro-
bial  communities in symptomatic KVDS plants and 
shifts in the ecological processes underlying plant 
microbiome assembly. We also hypothesized that 

Fig. 1   Typical symptoms 
of Kiwifruit Vine Decline 
Syndrome (KVDS). (A) A 
defoliated plant. (B) and 
(C) Extensive damage to 
the root system
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there would be a strong association between symp-
toms and the abundance of potentially pathogenic 
species of oomycetes, including for example, species 
of Phytopythium, Pythium, and Phytophthora. To fur-
ther test this last hypothesis, we combined metagen-
omics data with the targeted isolation of oomycetes 
from the soil and roots of symptomatic plants using 
the leaf baiting method.

Materials and methods

Field sampling

Samples were collected in 2022 in three fields located 
in Gioia Tauro (Calabria, Italy – field 1: 38°28′51.2"N 
16°01′05.3"E; field 2: 38°30′32.3"N 16°02′04.7"E; 
field 3: 38°31′35.0"N 16°05′07.4"E; distance between 
fields 3.4–7.7  km), which is a major kiwifruit pro-
duction area in Italy. All three fields were planted 
with kiwifruit vines (Actinidia chinensis var. delici-
osa, variety ‘Hayward’) of similar age and included 
plants showing the classical symptoms of KVDS. In 
June and October, from each site, we collected sam-
ples from the roots and rhizosphere soil of 10 plants 
showing clear symptoms of KVDS in the root sys-
tem and 10 asymptomatic plants. Symptomatic plants 
were selected among those that were not collapsed 
but showed damage to the root system. Also, within 
the root system of symptomatic plants, we collected 
samples from the undamaged area. The samples were 
immediately transferred to the laboratory, and each 
sample was (i) immediately used for the isolation of 
potential pathogenic oomycetes and (ii) prepared for 
metabarcoding analyses to characterize the bacterial, 
fungal, and oomycete communities.

Oomycete‑targeted isolation and molecular 
identification

We isolated potential pathogenic oomycetes using 
leaf baiting as described in Pérez-Sierra et  al. 
(2022) with some modifications. Briefly, soil and 
root samples from symptomatic and asymptomatic 
plants were submerged in sterile distilled water 
inside a sterilized plastic box. Inside each box, we 
placed one-year old leaves of carob (Ceratonia 

siliqua) to float on the water surface. Boxes were 
then left at room temperature (~ 20 °C) for approxi-
mately 1 week and checked every 1–2 days for signs 
of necrosis on the floating leaves. Leaves show-
ing dark spots were removed from the baiting box, 
dried with a paper towel, and the necrotic area was 
dissected and placed on PARPNH-PDA selective 
media (Jung et al. 2021) and incubated at 24 °C in 
the dark. Oomycete-like colonies growing on the 
selective media were then transferred to PARPNH-
PDA and subsequently grown at 20 °C on V8-juice 
agar. After 7–10 days of growth, the cultures were 
examined at 10 × magnification under a light micro-
scope and grouped into morphotypes according to 
their morphological features: colony growth pat-
terns, hyphal characteristics, and, when possible, 
sporangia size and shape. For each morphotype, we 
placed a single isolate into our collection for further 
analyses.

Total DNA was extracted from each isolate in 
our collection using the commercial kit Norgen 
Fungi/Yeast Genomic DNA Isolation Kit (Nor-
gen Biotek Corp., Canada) following the manu-
facturer’s instructions. DNA was checked using a 
Nanodrop spectrophotometer (Thermo, USA), and 
high-quality samples were used to prepare librar-
ies for molecular barcoding. The ITS region was 
PCR-amplified using the primers ITS6-ITS4 (White 
et al. 1990; Cooke et al. 2000) and KAPA HiFi Hot-
Start ReadyMix (Roche, USA) as recommended by 
the manufacturer. Amplifications were performed 
in an Eppendorf Mastercycler Ep Gradient S ther-
mocycler (Eppendorf, Germany) using the follow-
ing program: 95  °C for 3  min; 35 cycles of 98  °C 
for 20  s, 55  °C for 30  s and 72  °C for 45  s; and a 
72 °C final extension for 5 min. PCR products were 
checked for correct size through electrophoresis on 
a 2% agarose gel stained with GelRed nucleic acid 
gel stain (Biotium, CA, USA). PCR products were 
purified using AMPure XP beads (Beckman Coulter 
Genomics, USA), and amplicons were sequenced in 
both directions by Macrogen Europe (Amsterdam, 
The Netherlands). The sequences were then manu-
ally edited using CHROMASPRO v. 1.7.6 (http://​
www.​techn​elysi​um.​com.​au/), and low-quality sam-
ples were resequenced. The first identification was 
performed by querying the consensus of forward 
and reverse reads of each sample to NCBI GenBank 
using BLAST.

http://www.technelysium.com.au/
http://www.technelysium.com.au/
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Metabarcoding

From each sample, roots were cleared from the loose 
surrounding soil, and ~ 100  mg of rhizosphere soil 
was collected by vigorously shaking the roots. Roots 
were then carefully washed with sterilized water. All 
samples were lyophilized and powdered. DNA extrac-
tion and library preparation from rhizosphere soil 
and roots were performed according to our previous 
study (Malacrinò et al. 2021). Briefly, ~ 25 mg of each 
sample were lysed in extraction buffer, and total DNA 
was extracted using a phenol‒chloroform protocol. 
After a quality check, we prepared libraries target-
ing the bacterial community (primers 515f/806rB, 
Caporaso et  al. 2012), the fungal community (prim-
ers ITS3/ITS4, Toju et al. 2012), and the community 
of oomycetes (primers ITS3oom/ITS4, Riit et  al. 
2016). Amplifications were also carried out on DNA 
extracted from nontemplate controls, where the sam-
ple was replaced with nuclease-free water to account 
for possible contamination of instruments, reagents, 
and consumables used for DNA extraction. After this 
first PCR, the samples were purified using an Agen-
court AMPure XP kit (Beckman Coulter, USA) and 
subjected to a second short-term PCR to ligate Illu-
mina adaptors. Libraries were then purified again, 
quantified using a Qubit spectrophotometer (Thermo 
Fisher Scientific Inc., USA), normalized using nucle-
ase-free water, pooled together, checked for the cor-
rect size on an TapeStation instrument (Agilent, 
USA), and sequenced on an Illumina MiSeq instru-
ment (Illumina, USA) on a 300PE flow cell according 
to the manufacturer’s instructions.

The raw data were quality-checked, and adapt-
ers were trimmed with TrimGalore (Krueger 2023). 
Reads were then processed in R v4.3.2 (R Core Team 
2020) with the DADA2 pipeline v1.22 (Callahan et al. 
2016) to perform quality filtering, ASV identification, 
chimera removal and taxonomy assignment using the 
SILVA database v138 (Quast et al. 2013) for bacteria, 
the UNITE database (Nilsson et  al. 2019) for fungi, 
and a custom database for oomycetes built using the 
R package refdb (Keck and Altermatt 2023) on the 
BOLD database (Ratnasingham and Hebert 2007) 
(accessed on December 6th, 2023). Representative 
sequences of each ASV were aligned using MAFFT 
v7.505 (Katoh et  al. 2002), and a phylogenetic tree 
was built using FastTree v2.1.10 (Price et  al. 2009). 
The ASV table, the taxonomic information for each 

ASV, the sample metadata, and the ASV phylogenetic 
tree were grouped using phyloseq v1.46 (McMurdie 
and Holmes 2013). Singletons and sequences iden-
tified as “chloroplast” or “mitochondria” were dis-
carded before downstream analyses. Potential con-
taminants were removed using the data from negative 
control samples and the package decontam (Davis 
et  al. 2018). Samples with fewer than 1,000 reads 
were then discarded. Microbiome data were also nor-
malized using Wrench (Kumar et al. 2018) before cal-
culating relative abundances.

Data analysis

All data analyses were performed with R v4.3.2 (R 
Core Team 2020). An overview of the taxonomi-
cal composition was obtained by grouping ASVs 
by genus and discarding genera with relative abun-
dances lower than 1%. Phylogenetic diversity within 
each sample was calculated using the package picante 
(Kembel et al. 2010), and differences between asymp-
tomatic and symptomatic samples were assessed by 
building a linear mixed effect model for each commu-
nity using the function lmer within the package lme4 
(Bates et  al. 2015) with compartment (root, rhizos-
phere) and category (symptomatic, asymptomatic) 
as fixed factors and field ID and timepoint as random 
effects. From each model, differences between asymp-
tomatic and symptomatic samples were determined 
by extracting false discovery rate (FDR)-corrected 
post hoc contrasts using emmeans (Lenth 2022). The 
influence of KVDS on the assembly of each commu-
nity type (bacteria, fungi, and oomycetes) in the roots 
and rhizosphere samples was also assessed using 
PERMANOVA with 999 permutations stratified at 
the field ID and timepoint levels. We also tested the 
influence of KVDS symptoms on the processes driv-
ing the assembly of microbial communities at each 
compartment and community type by calculating the 
beta nearest taxon index (b-NTI), which quantifies the 
deviation of the mean nearest taxon distances from 
null expectations. This index was calculated using 
the package picante and used to test whether micro-
bial communities assembled following deterministic 
or stochastic assembly processes (Arnault et al. 2022; 
Larsen et al. 2023). ASVs with differential abundance 
between asymptomatic and symptomatic samples for 
each compartment (root, rhizosphere) and community 
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type (bacteria, fungi, oomycetes) were identified 
using the DESeq2 package (Love et al. 2014).

We then compared our results with previously pub-
lished data by performing a meta-phylogenetic analy-
sis. Our dataset included all the sequences obtained 
from isolating oomycetes from field samples (baiting) 
and the oomycete ASV sequences that are enriched 
in symptomatic samples (metabarcoding). We then 
collected data from previously published studies 
that isolated and identified oomycetes from the kiwi-
fruit plant (Akilli et  al. 2011; Kurbetli and Ozan 
2013; Rahman et  al. 2014; Wang et  al. 2015; Çiftçi 
et  al. 2016; Polat et  al. 2017, 2023; Prencipe et  al. 
2020, 2023; Savian et al. 2020; Türkkan et al. 2022) 
(Table  S1). We also collected sequences from other 
studies focusing on reference isolates, so we could 
use these sequences as a reference for the identifica-
tion of other sequences within the same cluster (Mat-
sumoto et al. 1999; Schurko et al. 2003; Lévesque and 
de Cock 2004; Belbahri et al. 2006; Senda et al. 2009; 
Uzuhashi et  al. 2010, 2019; Robideau et  al. 2011; 
Baten et al. 2014; de Cock et al. 2015; Veterano et al. 
2018; Rezaei et al. 2021; Nguyen et al. 2022; Eggert-
son et al. 2023) (Table S1). Sequences were aligned 
with DECIPHER (Wright 2016), and the boot-
strapped tree was built on a UPGMA distance matrix 
using phangorn (Schliep 2011) (JC69 substitution 
model and stochastic rearrangement) and visualized 
using ggtree (Yu et al. 2017).

Results

Sequencing overview

After cleanup, the sequencing dataset included 
1,199,677 reads for 16S (8,756.8 ± 544.2 reads/sam-
ple), 2,538,681 reads for ITS (17,878.1 ± 1,330.5 
reads/sample), and 1,257,147 reads for ITS-OOM 
(11,859.9 ± 1,063.1 reads/sample). While using strict 
filters for sequencing quality reduced the number of 
samples, each combination of sampling timepoint 
(June, October), compartment (root, soil), and sample 
type (symptomatic, asymptomatic) was represented 
by at least 5 independent samples for any of the three 
marker genes (Table S2, Supplementary Material).

Analysis of the microbial communities of roots 
and soils from symptomatic and asymptomatic plants 
revealed that the root bacterial community was 

dominated by rhizobia, Bacillus, Novosphingobium, 
Rhodanobacter, and Streptomyces (Fig.  2A). How-
ever, the soil bacterial community was dominated 
by the genera Chujaibacter and Rhodanobacter and 
unidentified taxa (Fig.  2A). The root fungal com-
munity was mainly represented by the genera Acro-
calymma, Dactylonectria, and Fusarium (Fig.  2B). 
Similarly, the soil fungal community was dominated 
by Fusarium and Pseudaleuria (Fig.  2B). The com-
munity of oomycetes in the root and soil samples was 
dominated by the genera Apodachlya, Phytopythium, 
and Pythium, with Phytopythium being highly abun-
dant only in the symptomatic root and soil samples 
(Fig. 2C).

KVDS has little impact on the soil and plant 
microbiome

The diversity of the bacterial and fungal communi-
ties associated with KVDS-symptomatic plants was 
not different from that associated with asymptomatic 
plants (Fig.  3A and B, Table  S3 Supplementary 
Material). However, the community of oomycetes in 
the soil from symptomatic plants was significantly 
more diverse than that in the soil from asymptomatic 
plants (Fig.  3C, Table  S3 Supplementary Material). 
By comparing the structure of the microbial com-
munities of symptomatic and asymptomatic plants, 
we identified differences in the bacterial community 
of the roots and the fungal and oomycete communi-
ties of the soil (Table  1). Instead, when comparing 
the microbial structure to a null model, we found 
that only the bacterial communities of symptomatic 
plants had a partial distribution with b-NTI values 
lower than 2 (Fig.  3D, E, and F), and both the bac-
terial and oomycete communities of the symptomatic 
root samples had values different from those of the 
asymptomatic plants (Fig. 3D, Table S4 Supplemen-
tary Material).

Phytopythium is commonly associated with 
symptomatic plants

We also identified the ASVs that were abundant 
among symptomatic plants. When focusing on bacte-
ria, we did not find any ASV significantly enriched 
in symptomatic plants (Fig.  4A and B). In fungi, 
we found two ASVs identified as Zopfiella enriched 
in the roots of symptomatic plants (Fig. 4C) and 21 
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ASVs enriched in the soil of symptomatic plants, 
including ASVs identified as Apiotrichum, Ceratoba-
sidium, Cladophialophora, Epicoccum, Leptodonti-
dium (3 ASVs), Mortierella (4 ASVs), Natantispora, 
Poaceascoma, Preussia (2 ASVs), Pyrenochaetopsis, 
Rhizoctonia (2 ASVs), Talaromyces (2 ASVs), and 
Thanatephorus (Fig.  4D). When looking at oomy-
cetes, we found that the ASVs identified as Phytopy-
thium vexans were enriched in both the roots (n = 3) 
and soil samples (n = 4) from symptomatic plants. 
Instead, in asymptomatic plants, we found a greater 

abundance of Pythium (n = 15) and other oomycete 
ASVs (n = 27).

During our experiment, we isolated several oomy-
cetes, including Phytopythium vexans (n = 50), Phyto-
pythium litorale (n = 35), Phytopythium chamaehyphon 
(n = 7), Pythium spp. (n = 16), Globisporangium sp. 
(n = 8), and Achlya sp. (n = 1), using a targeted approach 
(Table S1, Supplementary Material). We compared the 
sequence from the ITS region of those isolates with the 
ASVs identified to be enriched in roots and soil from 
symptomatic plants with the sequences reported in 

Fig. 2   Relative abundances of bacterial (A), fungal (B), and 
oomycete (C) genera in root and rhizosphere soil samples from 
symptomatic and asymptomatic plants. Within the overall data-
set, > 1% of the plotted genera had a relative abundance > 1%. 

The high proportion of unidentified oomycete ASVs (Ampli-
con Sequence Variants) might be the result of using a reference 
dataset that includes only oomycetes, while the primers are 
able to amplify also other microorganisms (e.g., fungi)
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Fig. 3   Comparison of phylogenetic diversity (A, B, C) 
and b-NTI (D, E, F) indices between symptomatic (red) and 
asymptomatic (green) root and rhizosphere soil  samples, 
focusing on communities of bacteria (A, D), fungi (B, E), and 

oomycetes (C, F). Red dotted line in panels D, E, and F (beta-
NTI = 2) represent the threshold identifying dissimilarity (beta-
NTI > 2 or beta-NTI < -2) or similarity (-2 < beta-NTI > 2) 
compared to the null-model

Table 1   Results from 
PERMANOVA comparing 
symptomatic and 
asymptomatic root and 
rhizosphere soil samples for 
communities of bacteria, 
fungi, and oomycetes

Roots Rhizosphere soil

Community df R2 F p df R2 F p

Bacteria 1, 74 0.03 2.18 0.02 1, 59 0.01 0.67 0.57
Fungi 1, 55 0.02 1.01 0.48 1, 83 0.02 2.13 0.01
Oomycetes 1, 32 0.06 2.08 0.09 1, 70 0.03 2.18 0.01
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Fig. 4   ASVs differentially abundant between samples from symptomatic (log2FC > 0) and asymptomatic (log2FC < 0) plants, for 
communities of bacteria (A, B), fungi (C, D), and oomycetes (E, F) in root (A, C, E) and rhizosphere soil samples (B, D, F)
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previous studies on KVDS and the reference sequences 
of the genera Phytopytium, Pythium, and Globisporan-
gium. The results showed that the ASVs we identified 
to be differentially abundant in symptomatic samples 
closely matched the P. vexans isolates we were able to 
isolate from the field (Fig. 5). Although they belonged 
to the same cluster, the sequences of P. vexans and P. lit-
orale did not cluster closely together with the sequences 
obtained from previous studies (Fig. 5).

Discussion

KVDS is  causing damages in Italy since 2012, and 
syndromes with similar symptoms have been previ-
ously  reported in other countries since  1991 (Reid 
et  al. 1991; Savian et  al. 2022). Research on KVDS 
has been quite active during the past 5 years, and sev-
eral microorganisms, mostly oomycetes, have been 
identified as potential agents of KVDS. Our study 

Fig. 5   The phylogenetic tree including ITS2 sequences from 
targeted isolation (red, black circle on tip), metabarcoding 
(orange, back square on tip), and reference (green) sequences 
obtained from previous studies on kiwifruit vines (yellow). 

Branches highlighted in green were identified as Phytopy-
thium vexans, while branches colored in blue were identified as 
Phytopythium litorale. See Table S1 (Supplementary Material) 
for details.
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provides a wider analysis over a large area where 
KVDS is spreading, and by integrating targeted 
in vitro isolation with metabarcoding, our results sup-
port the hypothesis that oomycetes might be involved 
in the induction of KVDS, with Phytopythium vexans 
as a major potential agent.

Our analyses revealed a constant association of P. 
vexans with samples from symptomatic plants. When 
looking at the composition of the bacterial and fun-
gal communities in symptomatic and asymptomatic 
samples, there was no visible difference in the pres-
ence/absence of potential pathogens. However, when 
looking at the community of oomycetes, we observed 
a consistent presence of Phytopythium sp. in samples 
from symptomatic plants. Additionally, the commu-
nity of oomycetes associated with soil from symp-
tomatic plants was more diverse than that associated 
with soil from control plants. When we identified 
the differentially abundant ASVs between sympto-
matic and asymptomatic plants, we also observed a 
clear association between P. vexans and symptomatic 
plants. This observation was further supported by 
the clustering of differentially abundant ASVs with 
the ITS sequences of baited isolates and reference 
isolates of P. vexans. This species was previously 
isolated from kiwifruit plants showing symptoms of 
KVDS, and once reinoculated on healthy plants, it 
was able to induce KVDS (Polat et al. 2017; Prencipe 
et  al. 2020, 2023; Savian et  al. 2021; Türkkan et  al. 
2022; Mian et al. 2023b). Similarly, other species of 
Phytopythium (Donati et al. 2020; Savian et al. 2020, 
2021, 2022; Prencipe et  al. 2023; Polat et  al. 2023; 
Mian et  al. 2023b), including P. litorale, which was 
often isolated from our samples, were reported to 
induce KVDS. Phytopythium vexans and other spe-
cies of Phytopythium were reported to cause root rot 
on other plant species (Yang et  al. 2013; Yin et  al. 
2016; Fichtner et  al. 2016; Chen et  al. 2016; Rad-
mer et al. 2017; Jabiri et al. 2020; Baysal-Gurel et al. 
2021; Panth et al. 2021). Together, this evidence sup-
ports the role of Phytopythium spp. and particularly P. 
vexans as agent of KVDS.

While previous work has mostly focused on oomy-
cetes, other microorganisms have also been reported 
to induce symptoms resembling those of KVDS under 
controlled conditions, including Desarmillaria tabe-
scens (Donati et al. 2020), Clostridium bifermentans 
and Clostridium subterminale (Spigaglia et al. 2020), 
Cylindrocarpon pauciseptatum, Cylindrocladiella 

parva, and different species of Ilyonectria (Erper 
et  al. 2013). In our study, none of these taxa were 
associated with KVDS or were found in high abun-
dance within our samples enabling to exclude their 
involvement in KVDS in the investigated area. This 
discrepancy might be explained in two different ways. 
First, those previous studies performed reinocula-
tion experiments under heavily controlled conditions 
with high loads of microbial inoculum and high soil 
water content, which might have created the condi-
tions for weak pathogens to induce KVDS. Second, 
we might hypothesize that KVDS is not the result of 
a single pathogen or pathogen group but rather the 
result of detrimental interactions between the host 
plant and its microbiome. Indeed, previous studies 
speculate that KVDS might be the consequence of 
dysbiosis (Savian et al. 2022) as a temporary loss of 
the capacity of the host plant to control the assembly 
of its microbiota (Arnault et al. 2022). If KVDS were 
to be induced by dysbiosis, we would have expected 
to observe a strong reduction in the selective forces 
driving the assembly of the plant microbiome in favor 
of stochastic processes. Instead, our results only show 
a weak shift from deterministic processes driving the 
assembly of the bacterial root microbiome in favor 
of stochastic processes. We did not observe the same 
pattern in the fungal and oomycete communities. 
Overall, we found little impact of KVDS on the diver-
sity and structure of the plant rhizosphere and root 
microbiomes. This suggests that KVDS might not be 
the result of dysbiosis. This contrasts with the results 
from Guaschino et al. (2024), where they found that 
stochastic processes dominate the assembly of rhizo-
sphere bacterial, fungal, and oomycete communities, 
regardless the health status of the plant. This discrep-
ancy in the results might be driven by different fac-
tors, including sampling timepoint and environmental 
conditions, thus more tests are needed to understand 
the effect of KVDS on the processes driving the 
assembly of the kiwifruit plant microbiomes.

Although our results and those of previous stud-
ies provide strong evidence that oomycetes are 
involved in the induction of KVDS, particularly the 
genera Phytopythium and Phytophthora, this evi-
dence needs to be compared with a series of alter-
native hypotheses. A first alternative hypothesis is 
that KVDS is not caused by a specific pathogen, 
but rather by abiotic stresses, mainly waterlogging 
and high soil temperature which reduce natural 
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plant resistance, create conducive disease condi-
tions and enable the infection of weak opportunis-
tic plant pathogens commonly present in soils. This 
idea supports the fact that a live microbial commu-
nity is required for the induction of KVDS (Savian 
et  al. 2020), and that several microorganisms have 
been found to induce this syndrome. Although this 
hypothesis is worth of further investigation, if this 
is the case, we should observe a generalized decline 
in kiwifruit plants all over the areas where they 
are cultivated, as a generalized effect of climate 
changes. However, KVDS is still spreading, and it 
is not present in all kiwifruit production areas and 
fields, even when plant (e.g., plant genotype and 
age) and environmental conditions seem to be very 
similar. Similarly, our data show that it is unlikely 
that KVDS is generated by dysbiosis. Thus, the 
results from this and previous studies fully support 
the idea that KVDS is induced by pathogens under 
field conditions, and oomycetes seem to be the best 
candidates. This conclusion can lead us to a second 
alternative hypothesis, where P. vexans might not 
be the only or main causal agent of KVDS. Indeed, 
previous studies isolated several oomycetes, and 
most of them were able to induce KVDS under con-
trolled conditions. Similarly, previous studies using 
metabarcoding suggested the association of KVDS 
with Phytopythium and other genera of oomycetes 
(Savian et al. 2022; Guaschino et al. 2024). Our data 
also show that isolates from our study and previous 
studies do not cluster together, particularly within 
the branches of P. vexans and P. litorale. Also pre-
vious research has not investigated the possibility 
that KVDS might be caused by a hybrid of oomy-
cetes and hybrids are often reported in oomycetes 
(Safaiefarahani et al. 2016) and might contribute to 
the evolution of novel pathogenic strains (Schardl 
and Craven 2003; Corredor-Moreno and Saunders 
2020). The next challenge is to dig deeper into the 
genomes of potential agents of KVDS and test for 
signatures of hybridization across isolates. It is also 
possible that KVDS is the results of consecutive 
infection processes by different pathogens, where P. 
vexans may not be the most important causal agent. 
This might explain why, although different stud-
ies on KVDS suggest the role of a similar group of 
oomycetes, we still find discrepancies in the identity 
of the potential agent(s) of KVDS. A third alterna-
tive hypothesis that still needs to be addressed relies 

on one of the limitations of the studies that have 
been carried out thus far, in that KVDS might be 
induced by an agent that has not been investigated 
at all. Nematodes, for example, were recently iden-
tified as agents of a new disease of beech plants 
(Ewing et  al. 2021; Carta et  al. 2023), and several 
viral pathogens are currently emerging and spread-
ing to new locations (Jeger et al. 2023). None of the 
studies conducted thus far on KVDS have tested the 
potential contributions of nematodes or viruses, and 
these contributions need to be directly tested to nar-
row the list of potential agents of this syndrome.

While research on KVDS is progressing rapidly, 
there is still little consensus on the agent(s) and 
mechanisms responsible for its induction. Our results 
in agreement with previous reports support a major 
role of oomycetes, particularly P. vexans. However, 
the mechanisms underlying KVDS are not yet clear. 
On the one hand, P. vexans might be the KVDS 
agent currently spreading throughout kiwifruit culti-
vation areas. On the other hand, P. vexans might not 
be the main agent, and other plant pathogenic organ-
isms might be involved, which might not have been 
identified because difficult to isolate or because cur-
rent observations focused on a limited timeframe or 
targeted other members of the microbiome. Another 
possible alternative, is that KVDS might be induced 
by the assembly of a pathobiome (Bass et al. 2019; 
Lv et al. 2023), a microbiome structure that is asso-
ciated with a detrimental plant health status. KVDS 
will likely be the next major challenge of kiwifruit 
production worldwide after bacterial canker, and 
thus, it is timely to prioritize the identification of 
the agents and mechanisms of disease, together with 
outlining potential low-impact solutions that can be 
implemented to prevent its emergence and spread in 
other major kiwifruit cultivation areas.
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