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Abstract
Kiwifruit vine decline syndrome (KVDS) is an emerging challenge related to 
various factors, including water stagnation, soil compaction, root hypoxia, im-
balanced soil redox potential, soil nutrient imbalance and fungal pathogens, yet 
its definitive causes remain unconfirmed. This study compared soils and roots 
of healthy plants (CTRL group) and plants affected by KVDS (KVDS group) at a 
kiwifruit orchard (Actinidia chinensis cv. ‘Zesy002’) in Sermoneta (Lazio region), 
Italy. Our findings indicate that soil redox potential, a parameter related to soil 
oxidation, and soil macroporosity were significantly lower in the KVDS soils. The 
water table was also found to be higher in the KVDS block of the orchard, dem-
onstrating a higher soil water content. This suggests less aeration and more water 
content in KVDS-affected soils compared to the control. Root analyses showed 
that KVDS led to browning and decomposition of rhizodermis, decay of the cen-
tral stele, detachment of the cortex, reduced cell size and the presence of starch 
granules in the parenchyma, with significant variations in root morphometric 
parameters. To mitigate KVDS, sustainable agronomic practices, including preci-
sion irrigation, green manure, compost addition and water drainage root prun-
ing, were carried out on some KVDS-symptomatic vines (SUST group). Molecular 
analyses revealed the presence of 10 fungal species from treated root plants, with 
Paraphaeosphaeria michotii, Fusarium oxysporum and Ilyonectria vredenhoekensis 
being frequently isolated from symptomatic KVDS-affected plants but less from 
SUST plants. Also, Beauveria bassiana and Bacillus amyloliquefaciens, showed an 
effect against I. vredenhoekensis and P. michotii, and may be suitable candidates 
as biocontrol agents. The adoption of sustainable agronomic practices resulted in 
significantly more healthy plants (46% increase) by the end of the trial, demon-
strating that a sustainable soil use and water management at kiwifruit orchards 
can mitigate KVDS through restoration of natural growth conditions.
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1   |   INTRODUCTION

Kiwifruit has been a growing part of the Italian fruit grow-
ing sector since 1970 (Donati et al., 2020; Savian, Martini, 
et al.,  2020). However, the industry is threatened by the 
emergence and progressive spread of ‘kiwifruit vine de-
cline syndrome’ (KVDS) (Bardi, 2020; Manici et al., 2022), 
resulting in a ~30% decrease in Italian total kiwifruit pro-
duction (Donati et al., 2020).

The causes are not fully known, but recent findings 
suggest improper agronomic and irrigation management 
practices bring about KVDS through waterlogging, soil 
compaction, root hypoxia, imbalance of soil nutrients and 
the concomitant action of phytopathogens, whose syner-
gic action causes the decline of the plants (Savian, Ginaldi, 
et al., 2020; Sofo et al., 2022). Other studies point to a pos-
sible co-role of changing climatic conditions, particularly 
high atmospheric temperature, as triggering factors of 
KVDS (Bardi, 2020; Bardi et al., 2020). Report of KVDS in 
northern Italy was first made in 2012 (Donati et al., 2020), 
but manifestations of KVDS-like symptoms, including the 
appearance of large necrotic areas on the leaves were first 
reported in New Zealand in 1989 by Smith et  al.  (1989) 
and later confirmed by Reid et al. (1991), who attributed 
the condition to poor soil oxygenation and to the sensitiv-
ity of kiwifruit roots to hypoxic soil conditions.

Foliar symptoms of KVDS, such as epinasty, chlorosis, 
desiccation and abscission, are a consequence of a low 
root/canopy ratio because of the damage to kiwifruit root 
systems, in terms of reduced development, tissue break-
down and decomposition, anomalous anatomy structure 
and presence of necrotic areas (Bardi et  al.,  2020; Sofo 
et al., 2022). Therefore, soil mismanagement together with 
poor irrigation management, leading to a compacted, im-
permeable and hypoxic soil layer, is thought to be a major 
cause of kiwifruit root disruption and KVDS emergence 
(Bardi, 2020; Savian, Ginaldi, et al., 2020; Sofo et al., 2022).

On the other hand, the role of soil microorganisms 
cannot be overlooked as a cause (or consequence) of 
KVDS. Since 2008, the kiwifruit sector has suffered bac-
terial canker of kiwifruit, whose etiological agent is 
Pseudomonas syringae pv. actinidiae (Donati et al., 2014). 
Recently, it was found that potential fungal pathogens iso-
lated from KVDS-symptomatic plants may play a role in 
inducing the KVDS in potted plants (Donati et al., 2020; 
Savian et al., 2021; Savian, Ginaldi, et al., 2020; Spigaglia 
et al., 2020). However, the role of these microorganisms 
in field conditions remains unclear. Savian, Ginaldi, 
et  al.  (2020); Savian et  al.  (2021) used a metabarcoding 
approach to detect putative Phytopythium spp. pathogens 
associated with KVDS but, at the same time, the role of 
synergic and cumulative effects of biotic and abiotic 
agents in KVDS emergence was highlighted.

There is increasing evidence to support the importance 
of reduction–oxidation (redox potential, Eh) and acid–base 
reactions in the soil–plant system (Husson et  al.,  2021). 
Roots thrive within a specific Eh-pH spectrum and rely on 
various processes to ensure their homeostasis, which plays 
a central role in plant health (Husson et al., 2018). The Eh-
pH conditions in the soil rhizosphere result from multiple 
interactions between soil physicochemical components, 
soil microbiota and plant roots (Husson et al., 2016). Our 
hypothesis is that soil resilience against potential fungal 
pathogens of kiwifruit plants could derive, in-part, from 
good soil structure and aeration, leading to diverse Eh-pH 
niches that harbour a diversity of antagonists through ag-
gregates with more aerobic environments.

Considering the crucial role of soil in mitigating or 
avoiding the progression of KVDS and elucidating the 
eventual role of soil biological fertility and soil micro-
organisms, a series of sustainable agronomic field ex-
periments should be carried out on KVDS-symptomatic 
vines. On this basis, we considered precision irrigation, 
organic matter addition and cover crops sowing. The ob-
jectives were to: (i) assess microscopically the root dam-
age occurring in KVDS-symptomatic plants; (ii) evaluate 
the values of Eh-pH and macroporosity of soils where 
grew plants with and without KVDS symptoms; (iii) iso-
late, identify and determine the frequency of the fungal 
species associated with KVDS in response to different 
agronomic managements; (iv) assessing the effectiveness 
of two antagonist microorganisms against the three dom-
inant pathogenic fungi isolated from plants with KVDS 
and (v) evaluate the overall plant physiological status by 
a visual scoring method.

2   |   MATERIALS AND METHODS

2.1  |  Experimental site and orchard 
management

The experimental kiwifruit orchard, located in Sermoneta 
(Lazio region), Italy (41°33′30.72″ N; 12°57′18.51″ E), is 
characterized by an average (2020–2022) annual ETo of 
962 mm and annual rainfall of 895 mm, with an average 
environmental water deficit during the irrigation sea-
son (April–September) of 440 mm. Conventionally for 
the area, the applied irrigation volumes were approx. 
6500–7000 m3 ha−1 year−1, exacerbating water excess 
conditions. The cultivated variety was Actinidia chinen-
sis (Planch.) var. chinensis cv. ‘Zesy002’, a yellow-fleshed 
kiwifruit, grafted onto Hayward rootstocks (Actinidia 
chinensis var. deliciosa) in 2013. Planting was conducted 
5 × 3 m on inter-row and row, respectively, for a total 666 
plants ha−1.
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For control (CTRL) and KVDS plants, the irrigation 
system is composed one drip line and sprinkler system 
both located in the row. The irrigation was empirically 
managed (average annual irrigation volume of about 
6500–7000 m3 ha−1 year−1). For sustainable practices 
(SUST) plants, the irrigation system was changed intro-
ducing two independent drip lines at about 50 cm from 
the trunk and the sprinkler system with one sprinkler 
at 60 L h−1 per tree. The precision irrigation strategy was 
based on the water-balance method with a feedback ad-
justment mechanism using continuous soil moisture 
measurements was applied (Mininni et  al.,  2022). The 
irrigation strategy allowed us to adapt irrigation volume 
(average of 4500 m3 ha−1 year−1) to actual vine water re-
quirement and ensure optimal soil conditions for root 
development, avoiding the establishment of condi-
tions predisposing degenerative phenomena of the root 
system.

A 3-year experimental trial commenced in February 
2020. The soil was supplemented with mineral fertilizers in 
April–September 2020 (100 units N ha−1, 120 units K ha−1, 
90 units Ca ha−1 and 30 units Mg ha−1) and a foliar applica-
tion of phytohormones and NPK fertilizer (Spray Dünger® 
Global; Biolchim SpA, Medicina, Bologna, Italy) at a rate 
of 5 kg ha−1 plus 5 units Ca ha−1. In 2021, the SUST group 
was fertilized with organic soil conditioners (manure and 
compost) with no mineral fertilizers, while the CTRL and 
KVDS groups had fertilizers applied as in 2020. Soil phys-
icochemical parameters measured in February 2021 are 
reported in Table S1.

At the beginning of the experiment (February 2020), 
an area of the orchard site with vines showing severe vi-
sual symptoms of KVDS (KVDS group), and another with 
healthy plants (CTRL group) were identified (Figure S1). 
The severe KVDS symptoms included phylloptosis, shoot 
wilting, fruit size reduction and heavy aesthetic defects 
that make the fruits unmarketable.

Starting from the second year of the experiment (2021), 
a set of agronomic practices was carried out on some 
KVDS-symptomatic vines (KVDS group) in order to mit-
igate/avoid the progression of the KVDS. This included 
precision irrigation, sowing of specific cover crops, the 
addition of manure and water drainage. In addition, root 
pruning was performed to promote the formation and de-
velopment of new roots in the soil interested in the above-
mentioned sustainable practices (SUST group). Root 
pruning took place in March 2021 by deep vertical cutting 
of the roots at a distance of ~70 cm from the trunk on the 
four sides of the plant (Figure  S2). In SUST plants, two 
green manure cycles (150 kg seeds ha−1, distributed with 
a manual seeder) were applied between March 2021 (sow-
ing) and June 2021 (moving), and between December 2021 
(sowing) and April 2022 (moving) (Figure S3). The cover 

crop mixture (MAS Seeds Italia Srl, San Pietro di Morubio, 
Verona, Italy) is shown in Table  S2. Immediately after 
green manure sowing, mature manure was distributed on 
the row, close to the plants, with a manure spreader at an 
amount of 80 q ha−1. The chemical composition of ma-
nure is reported in Table S3.

To increase soil aeration and decrease hypoxia in the 
orchard, a drain (10 cm diameter) was positioned in the 
middle of the row, each of two rows, at a depth of 90 cm 
(Figure  S4). The installation of drainage followed water 
table monitoring with piezometers since the beginning of 
2021. Three piezometer couples were installed in the or-
chard (Figure S5): the piezometers (called ‘1, 2, 3’ in the 
figure) were 10 m spaced on the row and 150 cm deep. 
Each piezometer had a replica (called ‘1B, 2B, 3B’) close to 
the tractor pneumatic path, to explore water lateral move-
ments. Another spare piezometer (C) (80 cm deep) was in-
stalled on the row, to examine irrigation water movement.

Finally, in one SUST plant, an excavation was made on 
three sides, one on the row (perpendicular to the row) and 
two toward the inter-row (parallel to the row), in order to 
add peat all around (SUST-PE). The addition of peat was 
done to allow the root system to fully express its regenera-
tion potential, contributing to understand the capacity of 
formation and development of viable and stronger roots, 
capable of recovering from KVDS symptoms.

2.2  |  Root microscopy

In February 2022, fine root samples were collected at a 
depth of 30–40 cm from three healthy control plants 
(CTRL) and three KVDS-affected plants (KVDS). The soil 
was manually excavated at a distance of ~70 cm from the 
trunk, and fine roots (diameter < 5 mm) were cut, lightly 
washed with tap water and immediately fixed in 10% (v/v) 
formalin to preserve the morphology and chemical com-
position of the tissues. In the laboratory, roots were dehy-
drated to an alcohol scale to replace the tissue water with 
a miscible agent, with the cleared paraffin solvents for im-
pregnating tissues with a paraffin solvent and embedded 
in paraffin. Each individual sample was sectioned with a 
rotating microtome into sections with a thickness of 5 μm 
and stained with safranin-fast green or PAS-emallume, 
according to Ma et  al. (Ma et  al.,  2011) and Albrecht 
and Mustroph (2003) respectively. The sections were ob-
served by a light microscope (Nikon Eclipse E600; Tokyo, 
Japan), and photographed with a digital camera (Nikon 
DXM1200). After that, root morphometric parameters 
(root diameter, total root area, rhizodermis thickness, par-
enchymatic cell size, cortex thickness, cortex area, central 
stele diameter, central stele area, central stele area/cor-
tex area) were measured using ImageJ software (https://​
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imagej.​nih.​gov/​ij/​) on 20 measurements taken from each 
of the three plants per group (n = 60).

2.3  |  Measurement of soil redox 
potential and soil macroporosity

In February 2021, nine soil samples were taken (in tripli-
cate) with an auger at depths of 0–30, 30–60 and 60–90 cm, 
placed in plastic bags and immediately used for the follow-
ing analyses. For the topsoil (0–30 cm), vegetation and its 
eventual residues were removed manually before sampling 
the soil. Soil redox potential was measured by potentiomet-
ric determination using a 1:2.5 suspension from ground to 
liquid phase ratio and reading after 5 h with an Orion Star 
A214 voltmeter (Fisher Scientific, Waltham, MA, USA), and 
a metallic combination electrode with the reference Ag/
AgCl (KCl 3 M) Thermo Scientific Orion (Fisher Scientific). 
The E value for each sample was the E (in mV), indicated 
on the voltmeter that was associated after 1 min with no 
change in the E unit. After being measured, according to 
the Ag/AgCl reference electrode, all potentials versus Ag/
AgCl were transformed to give the values of redox potentials 
(Eh) according to the normal hydrogen electrode (NHE) 
with the relationship between the Ag/AgCl reference, tem-
perature and NHE provided by the instrument. Soil pH was 
measured according to Pansu and Gautheyrou (2006) with 
a glass electrode (model Basic 20; Crison Instruments SA, 
Barcelona, Spain) in distilled water, using a 1:2.5 suspension 
from ground-to-liquid phase ratio.

In order to better define the redox conditions of the soils 
studied, Eh was adjusted to pH = 7 (Husson et al., 2016):

where EhpH7 is the soil redox potential at pH = 7, R is the per-
fect gas constant (8.314 J K−1 mol−1), T is the temperature in 
Kelvin (25°C = 298°K) and F is the Faraday constant (96,485 
C mol−1 = 1 F).

On the same soil samples, soil macroporosity was de-
termined using a transmitted light microscopy (model 
ADL 601 P 40-600x; Bresser GmbH, Rhede, Germany) 
connected to a digital camera (model MikroCam II 20 MP 
1″; Bresser GmbH, Rhede, Germany). Soil thin sections 
(30 μm) embedded in epoxy resin (Durcupan™; Sigma-
Aldrich, St. Louis, MI, USA) (Figure  S6) were prepared 
following the method of Sotta and Fujiwara (Sotta & 
Fujiwara,  2017) and percentage total macropore volume 
was evaluated by Image J software (https://​imagej.​nih.​
gov/​ij/​index.​html). Three soil sections from each of the 
three soil replicates were obtained and the values of mac-
roporosity averaged (n = 27).

2.4  |  Fungal isolation and identification

In February 2022, a mechanical excavator was used or 
create trenches in the inter-row area at a depth of about 
90 cm and at a distance of about 70 cm from the trunk 
of plants belonging to the four groups (CTRL, KVDS, 
SUST and SUST-PE) (Figure  S7). In this circumstance, 
fine roots (diameter <5 mm) taken from all groups at 
a depth of 30–40 cm (where kiwifruit roots are denser; 
Bardi, 2020; Bardi et al., 2020) were placed on Petri dishes 
containing potato dextrose agar (PDA) nutrient media, 
pre-supplemented with ampicillin and kanamycin (Sigma-
Aldrich, St. Louis, MO, USA) and incubated at 24°C until 
visible colony formation. In particular, for CTRL, KVDS, 
SUST and SUST-PE, 56, 84, 63 and 45 root samples, taken 
from three plants for each group, were analysed respec-
tively. The grown fungi were purified, and morphologi-
cally and molecularly identified. The total number of the 
fungal isolates for each group category were counted and 
the fungal frequency percentage (FFP) was calculated as 
follows:

The identification of the pure fungal colonies was 
carried out based on morphological features using an 
optical microscope (Zeiss Axioskop model; Oberkochen, 
Germany) connected to a digital camera. In addition, a 
precise identification has been carried out based on molec-
ular methods. For this scope, fresh fungal culture (100 mg) 
was used for extraction of the total genomic DNA (gDNA) 
using the DNeasy Plant Mini Kit (Qiagen; Heidelberg, 
Germany) following manufacturer's instructions. The ex-
tracted gDNA was quantified and purity-analysed using 
Nanodrop (ND-1000 spectrophotometer; Thermoscientific 
Inc., Whatman, MA, USA) and conserved at −24°C until 
used. Subsequently, gDNAs of each fungal isolate were am-
plified by polymerase chain reaction (PCR) using the uni-
versal primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) 
and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′), following 
standard protocols (White et al., 1990). All obtained am-
plicons were sequenced by BMR Genomics s.r.l. (Padua, 
Italy) and the sequences were compared to those present 
in GenBank (NCBI) using the basic local alignment search 
tool (BLAST).

2.5  |  Antagonistic assay

The antagonistic microorganisms used in this study 
were Beauveria bassiana and Bacillus amyloliquefaciens 

(1)EhpH7 = Eh −
RT

F
× ln10 × (7 − pH),

(2)

FFP (%) =
Number of each isolated fungal species

Total number of isolated fungal species
× 100.
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belonging to the microbial collection of the phyto-
pathology laboratory of the School of Agricultural, 
Food, Forestry and Environmental Sciences (SAFE), 
University of Basilicata (Potenza, Italy). Their antago-
nistic effect against the most three frequently fungal 
isolates from kiwifruit KVDS-symptomatic roots was in-
vestigated following the contact-phase method (Camele 
et al., 2019). In particular, 10 μL of B. amyloliquefaciens 
suspension at 108 CFU mL−1 or small mass from fresh 
culture (96 h) of B. bassiana were deposited singularly 
in Petri dishes containing PDA nutrient medium on the 
counter-side to each tested fungus. Three PDA plates in-
oculated only with each tested fungi without antagonis-
tic microorganisms were used as a negative control. All 
plates were incubated at 24°C for 3–6 days. The antago-
nistic effects were evaluated by measuring the diameter 
of fungal mycelium growth of the three tested fungal 
species, and the growth inhibition percentage (GIP) was 
calculated according to Zygadlo et al. (2011):

where Gc is the average diameter of the fungus colony grown 
on control PDA plates, and Gt is the average diameter of the 
fungus colony grown on PDA pre-inoculated singularly with 
each antagonistic microorganism.

2.6  |  Plant physiological status

The orchard portion sustainably managed (SUST block) 
was analysed with a scoring system to determine the 
evolution (or decline) of the plant physiological status 
during the trial. Plant (both females and males) were 
visually classified into one of four categories, depend-
ing on the KVDS symptoms on leaves, number and vig-
our of new shoots and general health status: (a) healthy 
plants (green); (b) average plants, with medium canopy 
vigour, new but weak shoots (yellow); (c) very compro-
mised plants, with low canopy vigour, no new shoots 
and KVDS symptoms on leaves (red) and (d) dead plants 
(blue) (Figure S8).

2.7  |  Statistical analysis

The measurements were statistically analysed by one-
way ANOVA followed by post hoc Tukey's honest signifi-
cant difference (HSD) tests, in the SPSS Statistics 28.0.1.0 
(IBM, Armonk, NY, US) statistical environment. The 
number of replicates for each parameter was specified in 
the previous paragraphs and also reported in table and 
figure captions.

3   |   RESULTS AND DISCUSSION

3.1  |  Physicochemical soil analyses and 
agronomic practices

As KVDS soils are often subjected to phenomena of com-
paction and loss of macroporosity (Bardi et  al.,  2020; 
Smith et al., 1989; Sofo et al., 2022), EhpH7 measurements 
can provide direct information on optimal growing con-
ditions for kiwifruit plants. The results of EhpH7 obtained 
(Table 1) represent a range of values as measured in diverse 
soils, like the Savanna in West Africa (Husson et al., 2021) 
or the South West France area (Husson et al., 2018). At 
0–30 cm, EhpH7 was 537 mV in CTRL soils and 519 mV in 
KVDS soils, whereas at 30–60 and 60–90 cm, soils were 
more oxidized in both groups, with higher EhpH7 values 
(Table  1). Frequently in conservation agriculture, the 
EhpH7 of the topsoil is lower than that of the deeper ho-
rizons, which is attributed to the high input of biomass 
on the soil surface (Husson et al., 2021). This was likely 
because of the fact that, even if the deeper horizons were 
waterlogged and with lower macropores (Table  1), and 
thus less aerobic and potentially with a lower EhpH7, they 
contained lower quantity of organic matter than the top-
soil in both CTRL and KVDS groups (Table S1).

The agroecological management of orchards is one 
way to correct the oxidized soil-plant systems because 
it involves enriching soils with organic matter to cre-
ate a stable porosity produced by enzymatic reactions 
and stabilized by the presence of clay particles (de 
Andrade Bonetti et al., 2017; Hassink, 1997; Stegarescu 
et  al.,  2020). Organic matter in soil acts as a reserve 
of electrons, and as it is increased the more it corrects 
oxidized soils, enhancing the microbial biomass con-
tent and the overall enzyme activities in amended soils 
(García-Gil et al., 2000, 2010). A homogeneous stratum 
richer in organic carbon and electrons can be obtained 
by bringing large quantities of biomass with cover crop 

(3)GIP (%) =
(Gc −Gt)

Gc
× 100,

T A B L E  1   Soil redox potential at pH 7 (EhpH7) and soil 
macroporosity in control (CTRL) and KVDS plots at different soil 
depths.

0–30 cm 30–60 cm 60–90 cm

EhpH7 (mV)

CTRL 537 ± 25 a 592 ± 10 a 603 ± 16 a

KVDS 519 ± 19 b 562 ± 12 b 601 ± 16 a

Soil macroporosity (%)

CTRL 12.35 ± 1.78 a 7.40 ± 1.32 a 3.42 ± 0.74 a

KVDS 8.51 ± 1.61 b 4.90 ± 0.86 b 3.78 ± 1.02 a

Note: Each value represents the mean ± standard deviation (n = 9 for 
EhpH7 and n = 27 for macroporosity). Different letters indicate significant 
differences (p < .05) after one-way ANOVA followed by Tukey's HSD test.
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residue on the ground each year (Rivière et  al.,  2022). 
Also, cover crop root biomass impacts the soil structure 
and anecic earthworms develop, and create stable galler-
ies and macropores (Kavdir & İlay, 2011).

An increase in carbon inputs has a positive impact on 
the Eh-pH couple (Husson et al., 2016), allowing plants to 
maintain the microbiota of mycorrhizal and rhizospheric 
bacteria essential for feeding and protecting themselves. 
The absence of these microbial populations in KVDS or-
chards has been recently noted by Manici et al. (2022), as 
well as the importance of restoring the ideal conditions 
for their development. We analysed the impact of a large 
quantity of compost added in 2017 in one kiwifruit or-
chard susceptible to the KVDS: after three growing sea-
sons (2019), the orchard with 80 t ha−1 (ploughed soil), 
showed a larger number of trees free of KVDS symptoms 
compared to the orchard that received a larger quantity 
of compost (130 t ha−1) (Bardi et al.,  2020). This positive 
result supports the need to de-compact soil to create an 
aerated mechanical structure and supply soils with a sig-
nificant biomass (in this case compost), for optimal physi-
cochemical parameters.

Our results (Table 1 and Table S1) suggest that a higher 
clay content (Table  S1) and reduced macroporosity con-
tributed to the occurrence of KVDS. The latter was found 
to be significantly lower in both the 0–30 cm and 30–60 cm 
layers of KVDS soils (Table 1), where the kiwifruit plant 
roots are more concentrated.

Root pruning (Figure S2) was performed after we no-
ticed that peripheral roots were mainly affected by KVDS 
(>70 cm from the plant). Our goal was to allow the new 
roots to develop in the sustainable managed soil (SUST 
group) or in the peat substrate (SUST-PE) and evaluate the 
fungal species colonizing the roots. Root pruning practice 
was carried out for stimulating the release of new, healthy 
roots from the cut roots, so facilitating the development 
and regeneration of the root system after the damage be-
cause of KVDS in a changing soil management aimed at 
regenerating the soil.

3.2  |  Soil drainage and piezometers data

Higher water levels were recorded at the beginning of 
the monitoring with piezometers in February 2021 and 
showed a decrease after the drainage system instalment. 
The drainage system reduced the water excess and, over 
2 years, increased and improved the undersoil water cir-
culation in the KVDS area. Figure 1b shows the relation-
ship between rain and soil water table, that was higher 
in 2021 and lower in 2022 and 2023. We observed an in-
creased water table only after abundant rain events, with 
a positive water outflow that ensured almost 60 to 90 cm 

of water-free soil. As commented later on, these water dy-
namics had a good impact on the plant status and on soil 
health. For a comparison, in the CTRL plot without drain-
age, the water movement was active (Figure 1a), showing 
small peaks of water table only after heavy rain events.

3.3  |  Root microscopy analysis and 
morphometric parameters

Microscopy analysis revealed considerable damage to the 
KVDS roots (Figure 2a,c), with flaking and browning of 
the rhizodermis (observed macroscopically; Figure S9), 
rhizodermis poorly visible, parenchyma cells that lost 
their round shape, cortical area with a clear loss of cel-
lular turgor, decay of the central stele and clear detach-
ment of the cortex from the central stele (Figures  S10 
and S11). Detachment of tissue layers in kiwifruit roots 
was observed by Bardi et al. (2020) by scanning electron 
microscopy analysis. In contrast, the CTRL roots had 
healthy roots with no tissue breakdown or decomposi-
tion (Figure 2b,d). In this case, the rhizodermis was vis-
ible, the cortical zone had numerous round cells rich in 
starch granules and with large intracellular spaces, the 
endodermis layer was clear and the central stele showed 
large xylem vessels and evident phloem with prominent 
nuclei.

PAS-emallume staining of KVDS roots, colouring 
mostly starch and cellulose, confirmed the results of 
safranin-fast green and allowed to highlight other de-
tails of the roots (Figure 3a,c), such as starch granules 
both at the cortex and endodermis level and in the cen-
tral stele (Figure 3d). Probably, the excessive water pres-
ent in the compacted soil was not absorbed by the roots 
because of the non-functionality of the ionic carriers, 
as a consequence of the low respiratory process and 
soil hypoxia (Bailey-Serres & Voesenek,  2008; Jackson 
& Drew, 1984). In these conditions, there is not enough 
ATP for water transport and the starch is not completely 
hydrolysed, appearing as granules (Figure  3d). On the 
other hand, in CTRL roots, starch granules at the cortex 
and central stele level were scarce (Figure 3c), as the re-
serve starch, under well oxygenated, aerobic conditions, 
is consumed (respired). In this case, the energy can be 
used to activate the ion pumps, so the roots do not un-
dergo water stress.

KVDS roots showed significantly higher values of cen-
tral stele diameter and area (Table 2), demonstrating the 
swelling of the damaged roots because of the loss of tur-
gor of the central stele and its detachment from the cor-
tex (Figure S10). By contrary, cortex thickness in the two 
groups remained constant, so the significant increase in 
root diameter observed in KVDS roots was mainly caused 
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      |  7 of 13SOFO et al.

by the variations of central stele size, as shown by the 
significantly higher ratio of central stele area/cortex area 
(Table 2). The rhizodermis thickness in CTRL roots was 
48.8 μm and the average area of the parenchymatic cells 
was 1980.3 μm2, whereas the respective values in KVDS 
roots were 17.0 μm and 1204.1 μm2 respectively (Table 2).

The root characteristics observed in KVDS plants 
(Figures  2 and 3; Figures  S9–S11) were probably in-
duced by excess water in the soil. Indeed, water stagna-
tion and decreased oxygen around the roots (soil hypoxia 

conditions) have a negative, rapid and significant effect 
on the physiological state and growth of kiwifruit plants, 
whose roots have a high oxygen consumption but very 
limited intercellular spaces (Smith et al.,  1989). For this 
reason, the species is considered highly sensitive to hy-
poxic soil conditions (Jackson & Drew, 1984). Low oxygen 
concentration could also induce the loss of cortical tissue 
stiffness observed in the roots of KVDS-affected plants 
because of the induction of certain hydrolytic enzymes 
(Bailey-Serres & Voesenek, 2008).

F I G U R E  1   Rainfall (blue columns) 
and water table (lines) measured by the 
single piezometers (1, 1B, 2, 2B, 3, 3B and 
C) described in the materials and methods 
section in (a) control (CTRL) and (b) 
sustainably managed (SUST) blocks of the 
orchard. Single values for each data point 
are shown.
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3.4  |  Identification of potential 
pathogenic fungi and biocontrol antagonists

A total of 10 different fungal species were isolated from 
root samples of the four groups of plants (CTRL, KVDS, 

SUST and SUST-PE), identified either morphologically 
and molecularly, and their frequency of isolation is cal-
culated and listed in Table 3. Among the fungal isolates, 
Paraphaeosphaeria michotii, Ilyonectria vredenhoekensis 
and Fusarium oxysporum were isolated more frequently, 

F I G U R E  2   Cross sections of (a, 
c) control (CTRL) and (b, d) KVDS-
symptomatic roots (KVDS). Staining with 
safranin-fast green. CS, central stele; CX, 
cortex; EN, endodermis; RZ, rhizodermis. 
Bars = 200 μm.

F I G U R E  3   Cross sections of (a, 
c) control (CTRL) and (b, d) KVDS-
symptomatic roots (KVDS). Staining with 
PAS-emallume. CS, central stele; CX, 
cortex; EN, endodermis; RZ, rhizodermis; 
ST, starch granules. Bars = 200 μm.
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      |  9 of 13SOFO et al.

with frequencies of 28.6, 21.4 and 14.3%, respectively, 
from KVDS roots. The same three fungal species were iso-
lated from SUST roots with a frequency of 22.2, 11.1 and 
20.6% respectively. The SUST-PE group showed reduced 
values of the isolation frequency for the three fungal spe-
cies of 13.4, 4.5 and 6.6% respectively. None of the three 
dominant fungal species were isolated from CTRL roots 
(Table 3).

Some other fungal species, such as Phytophtora spp., 
Phytopythium spp. and Desarmillaria tabescens, were also 
isolated and reported as potential causes of the KVDS 
[1,5,12], although the pathogenicity tests in those studies 
were conducted in potted young plants under controlled 
conditions, where the potential pathogenicity of the 
pathogenic microorganisms was fully expressed without 
other microbial competitors, and the plants were rela-
tively weak. Other fungal species, including Phytophtora 
spp., Phytopythium spp. and Desarmillaria tabescens, were 
also isolated and reported as potential causes of the KVDS. 
Finally, Dactylonectria macrodidyma and Thielaviopsis ba-
sicola were also proposed as other KVDS-related patho-
gens (Savian et al., 2022).

In this scenario, KVDS could be defined as a soil 
dysbiosis-driven physiopathy. Indeed, substantial differ-
ences in fungal and oomycete community structure were 
observed between healthy and KVDS-symptomatic kiwi-
fruit vines. Furthermore, the relationships between fungi 
and bacteria could play a key role. Interestingly, Spigaglia 
et  al.  (2020) tried to find a correlation between the hy-
poxic and waterlogged soil conditions, highlighted by Sofo 
et al. (Sofo et al., 2022) and Savian, Ginaldi, et al. (2020) 
as possible co-factors of KVDS, and anaerobic bacteria 
belonging to Clostridium spp. Also, in this case, it is not 
certain if these potentially pathogenic bacteria are cause 
or consequences of the KVDS, while they could be re-
lated to hypoxic soil conditions (Bardi,  2020). Indeed, 
the authors concluded that ‘The occurrence of anaero-
bic bacteria does not exclude the possibility that other 
microorganisms could play additional/synergic role(s) in 
causing the kiwifruit vine decline’. Furthermore, for in-
vestigating the probable causes of KVDS, Savian, Ginaldi, 
et  al.  (2020) used transmission electron microscope for 
studying root ultrastructures of artificially flooded plants 
grown in a controlled environment, finding no pathogen-
related structures (hyphae, conidia) in the xylem nor 
pathogen-related symptoms (such as xylem cell wall de-
terioration). This would, however, not exclude the role of 
some pathogenic microorganisms. The absence of benefi-
cial biocontrol and/or plant-growth-promoting bacteria in 
overexploited soils of kiwifruit orchards is also considered 
a possible driver of KVDS (Manici et al., 2022).

The in  vitro screening of antagonistic activ-
ity (Figure  4) suggests that both the antagonist T
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microorganisms had a higher contrasting effect against 
I. vredenhoekensis and P. michotii, whereas only a moder-
ate effect was observed against F. oxysporum. The highest 

antagonistic effect was observed in the case of B. bassi-
ana against I. vredenhoekensis with a growth inhibition 
percentage of 92.6% (Figure 4).

F I G U R E  4   Antagonistic activity of two tested micro-organisms against three fungi isolated from kiwifruit roots. ++ moderate activity; 
+++ high activity; ++++ very high activity. Each column represents the mean ± standard deviation (n = 10). Different letters indicate 
significant differences after one-way ANOVA followed by Tukey's HSD test.

Number (n) and frequency (%) of fungal taxa

CTRL KVDS SUST SUST-PE

Fusarium oxysporum — 12 (14.3) 13 (20.6) 3 (6.6)

Fusarium spp. — 10 (11.9) 18 (28.6) 2 (4.5)

Paraphaeosphaeria michotii — 24 (28.6) 14 (22.2) 6 (13.4)

Ilyonectria vredenhoekensis — 18 (21.4) 7 (11.1) 2 (4.5)

Penicillium spp. 3 (5.4) — 8 (17.7)

Trichoderma spp. 13 (23.2) — 6 (9.5) 18 (40.1)

Machrophomina phaseolina 17 (20.2)

Phytophthora cinnamomi 17 (30.4)

Cladosporium spp. 12 (21.4)

Pythium spp. 9 (16.1) 1 (1.6) 3 (6.6)

Others 2 (3.5) 3 (3.6) 4 (6.4) 3 (6.6)

Total samples 56 (100) 84 (100) 63 (100) 45 (100)

T A B L E  3   Number (and frequency 
in brackets) of the fungal taxa isolated 
from symptomatic kiwifruit roots. The 
percentages less than 5% were not 
considered and grouped as ‘others’ (n = 56, 
84, 63 and 45, for CTRL, KVDS, SUST and 
SUST-PE groups respectively).

 14752743, 2024, 2, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/sum

.13052 by U
niversity B

asilicata D
i Potenza B

ibl Interdepartim
 D

i A
teneo, W

iley O
nline L

ibrary on [22/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  11 of 13SOFO et al.

3.5  |  Plant physiological status

The plant status scoring (Table  4) in the time showed 
good and fast canopy recovery during the first year (2021–
2022), with a constant but slower recovery during the sec-
ond year (2022–2023), probably because of the very warm 
and dry condition of the 2022 summer period. In the SUST 
block, the severity of KVDS symptoms decreased over the 
time, indicating the importance of the interventions car-
ried out in reducing syndrome severity and counteract-
ing its emergence. The frequency of plants classified as 
green increased considerably in 2022 (+38.5%), while the 
number of plants classified as yellow and red decreased 
(−29.8% and −7.7% respectively). The positive trend con-
tinued in 2023, even if at a smaller scale, likely because of 
the warm 2022 summer that had a negative higher impact 
on the canopy status.

4   |   CONCLUSIONS

The adoption of sustainable agronomic practices, such as 
the application of precision irrigation, the addition of or-
ganic matter after the emergence of KVDS symptoms, the 
installation of a drainage system and the decompaction of 
soil by adequate cover crops, created favourable growth 
conditions for kiwifruit plants, whose physiological status 
ameliorated. The results also indicate that different fun-
gal species, including a few pathogenic ones (P. michotii, 
F. oxysporum and I. vredenhoekensis), were associated with 
KVDS. Their role could not be attributed as the reason for 
the kiwifruit decline but consequential (after root decay) 
and eventually favoured by waterlogging conditions, soil 
compaction and poor soil aeration leading to root de-
cline. A promising antimicrobial effect by two antagonist 

microorganisms was observed, which could be used as 
biocontrol agents against the most dominant potentially 
fungal pathogens associated with KVDS.

We demonstrated that the amelioration of soil 
chemico-physical status by the adoption of a sustainable 
agroecosystem management improved the physiological 
conditions of KVDS-symptomatic kiwifruit vines and pro-
tected them against potential fungal pathogens. The sus-
tainable agronomic practices implemented in this study 
are applicable in most kiwifruit growing regions, except-
ing root pruning being used in severe situations, once 
the vines have been lost to KVDS and might otherwise be 
pulled out and replaced. A sustainable and agroecological 
approach to kiwifruit orchard management represents a 
technically feasible solution to halt the spread of KVDS 
by recreating the natural environmental conditions where 
kiwifruit plants thrive.
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T A B L E  4   Scoring table of the physiological status of kiwifruit plants during the experimental trial in the sustainable-managed block 
(SUST) of the kiwifruit orchard.

Scoring 2021 (%) 2022 (%) 2021–2022 (difference %) 2023 (%)
2022–2023 (difference 
%)

Green 30.1 68.6 38.5 76.2 7.6

Yellow 56.3 26.5 −29.8 19.8 −6.7

Red 12.6 4.9 −7.7 4.0 −0.9

Blue 1.0 0.0 −1.0 0.0 0.0

Male green 91.3 83.3 −8.0 80.0 −3.3

Male yellow 4.3 12.5 8.2 12.0 −0.5

Male red 0.0 0.0 0.0 4.0 4.0

Male blue 4.3 4.3 0.0 4.3 0.0

Note: Plant classification: (a) healthy plants (green); (b) average plants, with medium canopy vigour, new but weak shoots (yellow); (c) very compromised 
plants, with low canopy vigour, no new shoots and KVDS symptoms on leaves (red); (d) dead plants (blue).
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Supplementary material 

 

Supplementary Table S1. Soil physicochemical parameters measured at the beginning of the 

experiment in February 2021 at a depth of 0-30 cm and 30-60 cm in the KVDS and CTRL plots. Each 

value is the average of three replicates (n = 9). 

 

 KVDS CTRL 
 0-30 cm  30-60 cm  0-30 cm  30-60 cm  

pH 7.4 7.3 6.9 6.7 
Electrical conductivity (mS cm−1) 0.242 0.148 0.505 0.371 
Organic matter (%) 3.39 2.60 3.07 2.85 
Total limestone traces traces traces traces 
Skeleton traces absent traces absent 
Soil texture   
Sand (2.0 – 0.020 mm) (%) 25 24 33 29 
Silt (0.020 – 0.002 mm) (%) 32 32 29 32 
Clay (<  0.002 mm) (%) 43 44 39 40 
Soil texture clay clay clay clay 
Nutrients  
N total (%) 0.195 0.153 0.180 0.161 
P absorbable (ppm) 41 22 37 31 
Fe absorbable (ppm) 15.8 17.2 35.5 40.0 
Mn absorbable (ppm) 28.1 27.6 56.1 65.9 
Cu absorbable (ppm) 4.2 2.7 3.9 3.7 
Zn absorbable (ppm) 3.0 0.8 4.3 4.0 
Ca exchangeable (ppm) 4,133 3,900 4,353 4,920 
Mg exchangeable (ppm) 600 567 480 493 
K exchangeable (ppm) 134 96 203 143 
Na exchangeable (ppm) 87 80 100 95 
Cation exchange capacity  
Cation exchange capacity  
(meq 100 g soil−1) 26.39 24.82 27.03 30.49 

Ca (meq 100 g soil−1) 20.67 19.50 21.77 24.61 
Mg (meq 100 g soil−1) 5.00 4.72 4.00 4.10 
K (meq 100 g soil−1) 0.34 0.25 0.52 0.36 
Na (meq 100 g soil−1) 0.38 0.35 0.43 0.42 
Base saturation (%) 100 100 98.9 96.5 



Supplementary Table S2. Composition of the applied cover crops. 

 

Species Variety Weight (%) 

Avena strigosa Iapar 40 

Raphanus sativus Cassius 30 

Eruca vesicaria Rocket 10 

Sinapis alba Rumba 10 

Brassica juncea Terminator 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table S3. Chemical parameters of the applied manure. 

 

pH 8.4 
Salinity (mS cm−1) 2.6 
Water (%) 48.27 
Residue at 100 °C (%) 51.73 
Total N (% dry) 2.61 
Organic N (% dry of total N) 99.23 
Organic C (% dry) 36.54 
Humic and fulvic C (%) 9.0 
C/N 16,378.2 
P2O5 (mg kg−1 dry) 11,254.492 
K (mg kg−1 dry) 354.130 
Al (mg kg−1 dry) ˂ 0.001 
Sb (mg kg−1 dry) 1.786 
As (mg kg−1 dry) 0.036 
Cd (mg kg−1 dry) 4,133 
Cr (mg kg−1 dry) 48.507 
Cr+6 (mg kg−1 dry) 0.184 
Hg (mg kg−1 dry) ˂ 0.001 
Mo (mg kg−1 dry) ˂ 0.001 
Ni (mg kg−1 dry) ˂ 0.001 
Pb (mg kg−1 dry) 62.196 
Cu (mg kg−1 dry) 58.327 
Sn (mg kg−1 dry) 16.367 
Zn (mg kg−1 dry) 118.143 

 

 

 

 

 

 

 

 



Supplementary Figure S1. (above and center) Kiwifruit vines showing severe visual symptoms of 

KVDS; (below) Map of the KVDS and CTRL blocks in the experimental orchard. 
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Supplementary Figure S2. Excavation showing kiwifruit roots (left) before root pruning and (right) 

after root pruning. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure S3. (above) Cover crops in the soils with root-pruned plants (March 2022); 

(below) the soil-decompacting crop Raphanus sativus. 

 

 

 

 

 

 

 

 



Supplementary Figure S4. Excavations for the setting-up of the water drainage plant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure S5. Piezometers placed in the field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This is a schematic 
representation, not a 
realistic map. 



Supplementary Figure S6. Soil macroporosity measured at depths of 0-30 (upper row) and 30-60 

cm (lower row) in control soil (CTRL, left) and in soils with KVDS-symptomatic plants (KVDS, 

right). Bars = 1 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure S7. Excavation of trenches in the inter-row area for root sampling (February 

2022). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure S8. Scoring map of the general physiological status of kiwifruit plants in the 

RP block in 2021, 2022 and 2023. Plant classification: a) healthy plants (green); b) average plants, 

with medium canopy vigor, new but weak shoots (yellow); c) very compromised plants, with low 

canopy vigor, no new shoots and KVDS symptoms on leaves (red); d) dead plants (blue). 

 

 Map legend 
G Green 
Y Yellow 
R Red 
D Blue 
MG Male green 
MY Male yellow 
MR Male red 
MD Male blue 

 

 

 

 



 

 
 

 



Supplementary Figure S9. Rhizodermis in control (CTRL, above) and KVDS-symptomatic roots 

(KVDS, below). Photo taken with a stereomicroscope Bresser Optik Science ETD 101 (Bresser 

GmbH, Rhede, Germany). Bars = 100 µm. 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure S10. Detachment of the cortex from the central stele in KVDS-symptomatic 

roots. Photo taken with a stereomicroscope Bresser Optik Science ETD 101 (Bresser GmbH, Rhede, 

Germany). 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure S11. Central stele in control (CTRL, above) and KVDS-symptomatic roots 

(KVDS, below). Photo taken with a stereomicroscope Bresser Optik Science ETD 101 (Bresser 

GmbH, Rhede, Germany). Bars = 150 µm. 
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