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Extended abst

Kiwifruit Vine DecliaeaSymdronome meKYDd)Yy t hreat

particularly in Italy. Firshasepoetsesgr éad VeaoaebD?oe
ki wi-drmrauducing regions, causing substanti al econ
pl ant health, yield reduction, and vinetdehoby
remains uncl ear, with a complex interplay of a

progression.

This PhD project ai med t o i nvceosmpiogsaittei otnh ea smsioccri
KVDS, assess potenti al pat hogenic agent s, and
strategi es, including bi ofumi gati on. To achi e
metbar cgdimgrobi ol ogical isolation, pathogenicit

empl oyed across multiple symptomatic and asympt

over three-2y02a&8r)s (2020

Survey and Microbial Community Assessment

A systematic survey of 20 orchards in the Lazi
rhizosphere soi l sampl es i n speipegdeamtd arud umn
i ndependent approaches, bacteri al and f wnugal / oo
I'l'lumina amplicon sequencing of the 16S rRNA g
showed t h-at f &tDesd orchards exhibitedasinguniiyga

composition.

Pat hogen I dentification and Pathogenicity Test

Direct isolations from symptomat iPFh yrtooop ystelkidwm t i f

which was consistently associated with diseased

confirm pathogenicity, greenhouse trials Rpere coc
vexaansd ot her putative pathogens were inocul ated
and waterl ogging conditions. l nocul at ed pl ant



Extended abstract

particularly under excessive irrigation, reinfo
stress.

Soi l Heal th and EnzymAftfiectAed i @i ¢lyai s KVDS

This study ddheomonk¥VD&tand seasonality influence
activities, and micradbfieaclt ed i voerrcshiatryd si.. n SKVWDP$ o ma
notable shifts in microbial communi ties, wi th d
oppostumrmi pat hogens. Enzymati c rgltu ovo 4 iyd appaet,t es u
potenti al di svswptli oinnst eirrac pl lmefsf eoclitosKY ® Bitar mlt ai ni
appropriate irrigation | evehspraadtempbogi@agesoeéeh
soi l structure and microbi al stability. The int
mi crobi al c ommadtihtei erse cheisgshiltiyg ha f a comprehensiv
Future research shotelrdn moootpoi age alndn@nvironme

di sease mitigation strategies and support sustai

co

Bi

Al

st

Av

mmuensi triemains a priority in mitigating the i mp
of umi gati on as a Potenti al Management Strateg)
prelimi-hiaelyd otprinal waB8i obadaoea €&Hdi afsi miggant de
assbBcanaSoa | microbial composition was monitor
s impact on soil health and pathogen suppres
served in overal/l mi crobi al di versitywetarget
ted, suggesting that biofumigation may be a p
tegrated into broaderieail health restoration
sarium I dentification and its Role in KVDS

t hdwgtrsippenci es were only sporadically isolated
udy provided an opportunity to further refin

hot omous key designed for the accur atce emar ph

i | add =Omett ¢ § 1J 0t hKOFsY Gt o o | compl ements molecul ar
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gnostics more accessible to researchers and
aHel p has demonstrated a significant i mpact
ntification aRuds arrairthrg@émdntdi efases across mu

ortant cCrops.

clusions and I mplications

s r essheeadr cdhitghhet mul t i f actori Bl g mlaittghhretei manfl e KD S

robiota in plant healbtamcodmengtomdi nadonah mf c
hni ques provided novel i nsight-af fi ndtoe dt haeer crhi
dings dnbderseedefor integrated di sease manag
roved soil health practices and sustainabl e

us on refining biofumigmenba pPpootdicskaseesplk

ther elucidating the interactions between en

ifts in KVDS development.

advancing our wunderstanding of KVWIiSd danntdr iibtust e
the devel opment of more resipri oena dfé&riame waouri k

aging emerging plant diseases |inked to micr
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Chapter 1

1. 0rigin, taxonomy Axnd nmdodriphol ogy of

The kiwifruit has a rich history from continent

China bedwlti viattsi on spread worl dwi de. Known f o
nutritional val ue, kiwifruit gained gl obal atte
international fruit mar ket and a majormatesopl ias
adaptability and high vitamin C content have mad
significance in regions prioritising fresh, nut:H
Kiwifruit, originally known as the Chinese goo0s
China. As iits commerci al potential became evi de

honour of New Zealandods nationabkdbindintbenkt wol
and hel ped establ i(sFherigtus oal Idi®sBl4c)u Idteint dttiyon bega
century when seeds were introduddéeldang, Rdi afla aalga
the devel opment of the ' Hayward' cultivar aroun
storage qualities contributed to-20th gleobal y¢c ok
cultivation had expandeUUnitiobedt @l gt ehi éet alainids

crop in the global fruit industry.

The Actinidia genus contains more than 50 speci e
several nomencl(d&ttumgeae s ohaRPel Smo st i mportant spec
product Aoni miedii @mincdAs@ahi nendins many references, t h
considered varieti egsFeafgutshoen sZEIM&)IR.4NgECtiierse ar e a
species of secondary i mportance, potentially use

Aargand kol ktmi

Acti diedi @ isostéhe most widely <cultivated species,

Known for its | arge, oval fruit with a fuzzy ex
and exceptional nutritional propeaywwearsdd paulttiicwd
most popular and commercially significant, with
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sweetness. This cultivar is durable for l ong

(Ferguson 2018t 280kl®dnt cPwinazo 2018)

Actinhdnensin®t her primary cultivated species, i

and sweeter, It évsh adceil @ hcd sotswaa t et vy, notaE(B(yIcﬂ)h,e o)

is especially popular i n Asi an Amari knegtnssoids®Oe ¢ § i nrau

wi th a

al so

thin, smooth skin, making them more appe

contributed significanftllegsheod tkhiewid e wd It o pcnu

selectivd Flergadiomg 20 1.3, Pinto 2018)

Commonly referred to as harAdcy ilkairvgiiu,& aminniiq ukei wdi u eo

smoot h, hairl ess -sikkew @inde smahilcihhealrlyows it to &
parts of China, it is primarily culti vaAcetdi rmindiaa
arguta known for its high antioxidant content, €
which contains beneficial pol yphenol s. This sp

commer ci al paaprpeedalt oc oot het F&krnguisomui 201y peRinto 20

Severalkdewmstirespdcaes hold potential for Tittle
Act i Kkiod ioani kktnheown as Arcti c ki wi, it can survive
cultivated for its ornament al qualities due to

i ntrodufclealshed traits i n(tNoaebirrza@24ng progr ams

Acti mirdiaamtlheass commercially developed, this spe
vitamin C content and bioactive compounds, usef
heal th benefits i(nL ecounlteoiwRadtieéd) ki wi fruits

Acti popbdygaanmtlact i meHamaandha&se species provide gene

regarding stress resistance and wunique fruit ch

valuabl e for breediNmg@inr2a®dad4)i ent cultivars

Advancements in genomics and biotechnology have

(Naertrzadz24) . The sequencing of the kiwifruit ge

N M
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responsi bl e for traits such as fl avour, coel our ,
assisted selection and genomic selection are b
i mproved qualities. Addi tionall yit hdiordemsipteiza ¢isng
facilitates the incorporation of desirable trait
devel opments are expected to enhance the effic

superior kiwifruit cultivars.

|l gener &Alctiisniadivai gorous, woody, twining vine or c
l ong. The | eavespateobhbtderdatedubaorsg and oval t

l eaves exhibiting red hairs and maturbel eppes

surface. The plant is dioecious, bearing either
to ettt ow, ani® a&moutn 2Ai@meter. The oblong fruit
rusbepopwn skin dewisteh yshkowte,r edt i f f | brown hairs.
juicy, and contains nuleamgs2@iély, black seeds

1. Riwifruit production:

With an estimated valwue of 3 billion dollars
economic impact on the primary industry of the
with a production of 523,120 t onvree sh elcFrAWSSEAE d
2024)Hal f of the Italian production is concentra

ha and 250, 252 tons ofl SITrAUN. 2 RiRan) ¥ e uuti ¢ d si m nZ20 212 n

economi cs; its cultivation has fostered a sense
Italy, where generations of farmers have develo
demand (despolin and . Feéerhgusfonuad @0 G9 hyacrakret abi | ity
soci al significance, as it is featured in diete
experts for its unique profile of aRitdharedsaan s,
(20H8scusses the nutritional benefits of ki wifr
and other bioactive compounds. I n fact, t he fri

NN
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Pz
111

functi on, and metabolic marker s, with particul a
gastrointestinal comfort, cardiovascul ar heal t h,
1.8Bhe Plant: Physi ol ogical Vulnerabilities and
The agricultural and economic success faces new
Decline Syndrome (KVDS), a disease al most exclu
as a critical threat, severely i mpaicmp agt i knigwi
stakeholders of this industry. |l démacéeorllibni t i ¢

KVDS has since spreadptodotheg ammngas, ki wcfudi bg

resulted in reduced yields and, i n severe cases
fruits and vegetabl es, the kiewdtfguand cdiope d se se
potentially pose risks to the sustainability o

devel op(neennio n and Consi ki wief ruda3)i s particul ar
temper(@Bagtti2zall2@8nd anaerobic conditions(,D"iln ppod ritt
et 20122, etmilad®w.0)Early reports of damages caused
excesscwadeti ons have (bBausdtrdyed dne re@e bbAl 9.1 , Lator

et 1a919.1, e tL €adl0.1)

Pl ant heal t h hi nges on t he intricate bal ance
homeostasi s. Pl ant s, however, dmaupedt idd wslraimplty
biotic and abiotic, whi ch can compraeo mims € r @ hiea
commun({ Afr ea@atu 12000223 )Dy sbi osi s, an imbalance in mic
factor in plant disease susceptibility as it des
mi crobiota. For exampl e, monocul ture practices

dysbiosis in-careps tloiblkecb| uevhere reduced micro
declining soil heRétth2adhdd)Threere wiudlnekgs abil ities |
to focusmiommr pHiammtta stability as a base of plant
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1.The Pathogens and the Microbiota: I nteracti on:
The interplay between pathogens and the microbi
health. The concept of the Anna Karenina Princi

this dynamic-asbBeal ahgdp mha ndreotbeirontian iesxthiicbiatssse mbl y

stable structures, whereas stressed microbiota
stocha(sMa c2@230n grapevines experiencing decline,
mi crobial diversity and enrichmencametfalpoltieatfianc

further contributimrg.ta®Rk0@43ease miDartiyauti n t ome

dysbioaused by external strewesakesnss uxcyhs taesmi & n trie
making plants more susceptible to foliar disease
the role of mi crobi al cotimmane tfyecsttsabofl i pgt h omg em

pl ant health. Recenhypot dg 9b s & d MEFBufahsacsetibnga® 0.2 4 )

In I'taly, kiwifruit cultivation experienced spor
by funBhomiitkéep pPrhjaae oacr esnpm.i ,uCnaadnodp e & i Matr c @ |
2004, Rd tc @d0ld.Mi However, it was sever ePsge u dmpnaccn aesd

Syripugaceti ni diamél ar to what occgrodnignrmamnynst w

The KVDS primarily affects the root systems, | e
coll apse of the entire plant. This decline synd]
among abiotic factors, suchua®,wathar boogiimg sama
oomycetes, fungi, and bacteria. The symptomat ol

system, with affected ploodntosvns hgwiamgl Wwiad@ep rmread
t he presence otfaitlhse. tTylpe cladc kk adf a bisnoprabierhitnrgo o bt
functions, which can then move to the epigeal p
the | eaves, | eaf dr op, fruit f(alolneatt @adl@.0YTad i dmaftien
this decline, the terminol oBgt ticaytihdd2ld.mePnthrcd b e
for woody plants t Gertdemnn(aZicthlo3lposb i tolne oc-ubiyp t-e B e h o
environment i nteractions, among which water str

NO
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NI

high soil temperatures seem to pPorauzlald, fDavi
et 202 ®ever al 0 0 myRheyttecsp KtelpBgy,.ebh s pm. Phyt oppph) um
fungi Cyeigdr e pakwsoanrsipupPy,r e no cshpapand bactl esita i @i ul
sppEr,wisngmo their produced secondary metabolite
KVDS affected root s, but their role as the main
d e mo n s t(rBaatreddi 202@t @2 @)Kgplcihadds postul ates have

only by applying wdtPerelneg ggadh2g0 , ceoRnedado.il ¢ n Jeatc caln.i

201.5)

Th®hbhrojadomtéd shed | megthitoloongitchad ai gne ntthse olLfg zK WD S

i nvestigating microbi al composition and pathoge
influence of seasonal variations on disease sevVe
to global and Iltalian agricondeuséet anmddegsaode mantk

1. BssessanfenKi wi fruit Vine Decline Syndrome (KVDS

Given the concerns outlined, managing KVDS in |
effective control measures. Wit lidno ten asl watmp | tetxe
and oomycete species associated with Kiwifruit
region of Iltaly and to explore the microbial <con
kiwifruit ps$ainftisz casnpdh etrheeiirn t woa wstelammo.ns\We sty p ;mtgh
that hei pathogens isolated in our study are comp

I taly foaofff ekeviedddh e ipat hogenicity of the fungi an

plants under different irrigation conditions

1.®he Environment: A Driwver of Microbial Dynami ¢
Environment al factors pl aymiacrpdbveotiant erodcet iionn ss h
di sease out comes. Stress conditions, such as t |
triggers for mi crobi al dysbiosis.i rbnmemnotnali nsgo
exacerbates microbial community i mbal ance, l ead
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heal thet(®821). The work AKiwifruit Vine Decline
activity and mic(rBeriggpdmatahthagekxpyodred how envir
conditi oeamd hiempgactr obi al dynamics in kiwifruit or
revealed shifts in microbial community structur e
Crops and soil mi crobial commuBarndeetsr?2adlp. ¢, cGase? :
D2 aezt =2a02,4)a relationship that significantly im
composition, diversity, and function of soi l mi
archaea, and other microorgani sms thteaste plody se d se
providing plant nutrients, forming soil aggrege
di seases, and miti ¢ ®@itn2p023 jembl&@ 2.t h a Mg e i 2g001n8 ,

Phil iepp2afl2.3)Vari ations in microbial community di
nutrient cycling and soff Veeoar zernli9c) | matkt evi f dy nfa m
i ntensive management has acceler @t agbo t2&del.@has s o
altered soil nutrients, enzyme activities, and
soi l nutrient l evel s, enzyme activities, and be
structure and soi(lleite @aBIR.@ i d a&li saviwadluikleidt ynéul t o pl e
monitor soil .biMilcorgoibciaall hceoammuhni ty activity was
and extracellular enzyme activities linked to ca
(Burens2a01,3)whi |l e microbial bi omass was measured
anal YyBi estedgtedld3 )Bact eri al and fungal community ¢
examined by sequencing the 16S rRNA gene and i
respectively.edi i sasstesady tdiemeffects of KVDS on
mi crobi al communities by comparing symptomatic
associated microbiota-soGlvem cthbi asltrongempadamnito:r
( Bar gaite ebl2.4, OHGawmea220l2,dhd the significant root sy
by KVDS, we hypothesize that KVDS may influence
l eading to seasonal changes in microbial communi
dri ven obnymeenntvailr condi ti ons and di sease progressi

NP
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NZ

1. Biofumigation preliminafyecped Drehdrtdsi al i n
Bi of umi gant s, Bi ofence FL, of fer a sustainabl e
role in integrated pest management by improving

and promoting r d®Aklhitamt aagr iMailt li 2002230, 0 OPeat cNEDERTE
Biofence FL,Brdassiacahddl@der 2011,6)ut il i zes  gpamcosi
ti sbdbueakdownheanidnt eracti on swimyr oasni nexrs ¢t 0 gaéneda svea t

pat hesguepnpr essi,nganmamsge swhi ch sevef(BRbvaedaoBdidROLyan

Bi ofence FL is typically incorporated into the
beneficial soi l organi sms. Teapphhamece oaf ftiidaddyn,g
maiantvol atile c¢coampoumeBi oFielncan be used alone o
amendment s, supporting pl ant gr owt h and soi l

sustai(nvibclhyel. IG®k4)aim of the trial was to evalu
composition and diversity, assessed through 168

and after biofumigation treatment of two ki wifr.

1. BusaHel p: a website program for the morphol ogi
Even thosagthiawmbeen i solated only sporadically,
to develop the model and test the online dichot

at www. fusahel p. com, enabdesd aicdem il &ia csapaeincg fesd, O
compl ementing molecular techniques and making d
over 20,000 accesaensot #blseaHempabhta on the scient
aresefonl manhgys agieunat eds di weiacsle affect a range o
croptsher thakhukamwidmuogt recognized as a signific
was isolated from symptomatic kiwifruit roots.
as it was only sporadically isolated during our

reprted in si mil(aBrersgtanebtisead 2i2n 1Ot adad2i0 )

Summari zing, this PhD project aims to highlight

basi s for devel oping sustainabl e di sease man a
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i nteractions bet ween ki wifruit., soi | heal t h, a
diagnostic capabilities, this research aims to
threats. The work also emphasi zest hifl camite esidi€lor 3
relationship, wi t h broader i mplications for a c

economi es.
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| 2020 | 2021 | 2023
Species N (@) P Q
Phytopythium vexans 0 0 0 0
Phytopythium chamaehyphon 0 0 0 0 0 0 0 0 0 0
Pythium dissotocum 0 0 0 0 0 0 0 0 0 0
Phytophthora cinnamomi 0 0 0 0 0 0 0 0 0 0 0 _ 33
Globisporangium sylvaticum 0 0 0 0 0 0 0 33 |33 0 P 33 0
Globisporangium paroecandrum 0 0 0 0 0 0 0 33 0 0 0 0
Globisporangiunsp. 0 0 0 0 0 0 0 0 0 ! 33 0 0
llyonectria robusta 0 0 0 0 0 0 0 0 0 33 0
llyonectria liriodendri 0 0 0 0 0 0 0 0 0
llyonectria lusitanica 0 3 0 0 0 0 0 0 0 0 0
Dactylonectria ecuadorensis 0 0 33 33 0 0 0 0 0 33
Dactylonectria pauciseptata 0 0 0 | 67 0o |67 0 |67 0 0
Dactylonectria novozelandica 0 0 0 0 0 0 0 0 0 33 0 0
Dactylonectria torresensis 0 0 0 0 0 0 0 0 0 0 0
llyonectriaspp. 0 0 0 0 0 0 0 0 0 0 0 E 33
Thelonectria olida 0 0 0 0 E 33 0 0 0 0 0 0 0
Thelonectria discophora 0 0 0 0 0 : 0 0 0 0 0 0
Mortierella alpina 0 0 0 0 0 0 0 0 ! 33 0 u 33 0
Linnemannizasp. 0 0 0 0 0 0 0 0 0 33 0 0
Fusarium proliferatum 0 0 0 0 0 0 0 33 0 0 0 0
Fusarium oxysporum 0 0 0 0 0 0 0 33 0 33 0 0
Fusariumsp. 0 0 0 0 0 0 0 0 - 33 0 0 0
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2022 Spring | 2022 Autumn

I
Species O1S Spring] O2S Spring| O3S Spring| 04S Spring] O5S Spring| O1S Autumn 0O2S Autumn O3S Autumn O4S Autumr) O5S Autumn
Phytopythium vexans 25 50 50 ) 0 25 I 25
0 0 0
0

Phytopythium litorale 0 0 0 0
llyonectria liriodendri 25 0 0 0 0 0
Dactylonectria ecuadorensi 0 0 0 0 0 0 0
Dactylonectria pauciseptata 25 25 0 25 0 0 25
Dactylonectria torresensis 0 0 0 0 0 0 0
llyonectriaspp. 25 RS 0 S 0 F 25 I 25
Fusarium incarnatum 0 0 0 0 0 0 25
Fusarium solani I 0 [ 0 0 [ 0 0 | 0 25
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| 2022 Baiting
Species 0O1S Autumn bait.02S Autumn baif.O3S Autumn bait.O4S Autumn bait.O5S Autumn baii
Phytopythium vexans
Phytopythium chamaehyphon
Pythium dissotocum
Phytophthora acerina
Phytophthora plurivora
Phytopythium litorale
Phytopythium helicoides
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One-Way ANOVA
Treatment Isolate

F Sig. F Sig.

Plantlength fromthe collar 14 959 ;<0001 ** 2,157 0.0590 ns

(cm)
Total fresh weight (g) 77.275 p<0.001 *** 0.466 0.8308 ns
Fresh roots weight (g) 128.502 p<0.001 *** 0.314 0.9272ns

Ne @@ c! W §é WnYl WGGcUqWNI YsqSWGE!l calgll t AW2¢ide ¢ qR
cOca!t Rt Wset WHYOT erqWT WYUWGEH ¢ BaRDIG G 9 4UE WH LN G Wé) & LWL Y &) TG |
012101 a WG WK LLINHORMNRLEH 61 B qLis si b HL0rs U

Two-Way ANOVA

Treatment Isolate Treatment x Isolate
F Sig. F Sig. F Sig.
Plant 'engtqg:;’)m thecollar 54514  p<0.001** 3034 00122+ 1.401 0.2305 ns
. 0.4199
Total fresh weight (g) 76.829  p<0.001***  1.023 ns 0.911 0.4936 ns
. 0.4898
Fresh roots weight (g) 123.77  p<0.001***  0.916 ns 0.665 0.6775 ns
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Abstract: Kiwifruit Vine Decline Syndrome (KVDS) has become a major concern in Italy, impacting
both plant health and production. This study aims to investigate how KVDS affects soil health
indicators and the composition of soil microbial communities by comparing symptomatic and asymp-
tomatic areas in two kiwifruit orchards located in Latium, Italy. Soil samples were collected during
both spring and autumn to assess seasonal variations in soil physicochemical properties, enzyme
activities, and microbial biomass. The results reveal that KVDS influences several soil properties, in-
cluding pH, electrical conductivity, and the contents of water-soluble carbon and nitrogen. However,
these effects varied between orchards and across different seasons. Additionally, KVDS significantly
impacts soil enzyme activities and microbial biomass, as assessed through the phospholipid fatty
acid (PLFA) analysis, particularly showing an increase in fungal biomass in symptomatic areas.
Metabarcoding further demonstrates that microbial communities differ between symptomatic and
asymptomatic soils, exhibiting notable shifts in both diversity and relative abundance. Our findings
emphasise the complex interactions between plants, soil, and microbial communities in relation to
KVDS. This suggests that the syndrome is multifactorial and likely linked to an imbalance in soil
microbial communities at the rhizosphere level, which can negatively affect soil health.

Keywords: KVDS; microbial community; soil enzymatic activity; PLFAs

1. Introduction

The kiwifruit [(Actinidia deliciosa (A. Chev.) C. F. Liang et A. R. Ferguson var. deliciosa)]
is a species of considerable agricultural, botanical, and economic importance. Native to
China, it is now grown globally because of its high nutritional content, excellent flavour,
and health benefits [1]. With an estimated value of 3 billion dollars worldwide, kiwifruit
production has a relevant economic impact on the primary industry of the main producers.
Italy is the third global producer, with a production of 523,120 tonnes harvested from
24,850 productive hectares [2]. Half of Italian production is concentrated in the Latium
region, with an area of 8888 ha and 250,252 tons of fruit harvested in 2023 [3]. As for
many other fresh fruits and vegetables, the kiwifruit crop is affected by several pests
and diseases that can potentially pose a risk to production sustainability. Due to its root
anatomy and development [4], kiwifruit is particularly susceptible to high temperatures [5]
and anaerobic conditions, mainly waterlogging [6,7]. Early reports of damages caused by
oomycetes proliferating in excess water conditions have been documented [8-11]. Very
recently, a new kiwifruit disorder, the Kiwifruit Vine Decline Syndrome (KVDS), has been
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reported almost exclusively in Italy. First reported in some orchards in the Veneto region
in 2012 [12], it has quickly become a leading concern in several kiwifruit-growing areas
along the peninsula, causing significant yield reduction and even crop mortality [13]. To
the best of our knowledge, the disease remains confined to Italy, though similar vine
decline disorders likely attributable to KVDS and linked to damage caused by oomycetes
thriving in waterlogged conditions [8-11] have been recently reported in Turkey [14-17]
and China [18].

The symptomatology of KVDS is primarily evident in the root system of the affected
plants, showing widespread browning and large rotten portions with the presence of typical
rat tails. The lack of absorbent roots leads to the loss of root functions, which can then impair
the epigeal part of the plant, resulting in centripetal leaves drying, leaf drop, fruit fall, and
ultimately plant death [19]. Several oomycetes (e.g., Phytophthora spp., Pythium spp., and
Phytopythium spp.), fungi (e.g., Cylindrocarpon spp., Fusarium spp., and Pyrenochaeta spp.),
and bacteria (Clostridium spp., Erwinia spp.) or their secondary metabolites produced
have often been associated with or isolated from KVDS affected roots, but their role as the
leading cause of the disease has not yet been clearly demonstrated [20,21].

There is an intimate interaction between crops and soil microbial communities [22,23]
that influences soil health. Thus, crops influence soil microbial communities” composition,
diversity, and functioning. Soil microbiota, including bacteria, fungi, archaea, and other
microorganisms, play a key role in soil functions, providing plant nutrients, forming soil
aggregates, decomposing organic matter, suppressing diseases, and mitigating climate
change [24-27]. Soil microbial community diversity and abundance can lead to changes
in nutrient cycling and soil organic matter dynamics [28]. In order to track the soil’s
biological health, we have used a suite of several indicators. For instance, the activity
of the soil microbial community was characterised by measuring soil respiration and
extracellular enzyme activities associated with carbon (C), nitrogen (N), and phosphorus
(P) cycling [29], and microbial biomass was assessed through the phospholipid fatty acid
(PLFA) analysis [30]. Bacterial and fungal community diversity and composition were
analysed by sequencing the 165 rRNA gene and internal transcribed spacer (ITS) regions,
respectively. Here, we aim to evaluate the impact of KVDS on soil health indicators and
microbial communities by comparing symptomatic and asymptomatic kiwifruit plants
and their associated microbiota. Considering the strong interaction between plant and soil
microbial communities in the rhizosphere [22,23] and the fact that KVDS is a disorder with
strong disruption of the root system, we hypothesised that KVDS can affect the enzymatic
activity of rhizosphere soil, with changes in the composition and diversity of soil microbial
communities exhibiting seasonal differences, including variations in biomass, activity, and
composition, due to changes in environmental conditions and disease progression.

2. Materials and Methods
2.1. Experimental Design and Soil Sampling

This study was conducted in two orchards located in Latium, Italy. Both orchards were
subjected to integrated management with similar farming techniques. Orchard 1 (O1) was in
Lanuvio (south of the province of Rome, 41°37'14.2" N 12°43/06.0” E, 015—41°37'11.8" N
12°43'09.8" E) and Orchard 2 (O2) in Aprilia (province of Latina, 41°33'33.9" N 12°43/45 2"E;
025—41°33/31.1"”" N 12°43/49.7" E). Soil from Orchard 1 was classified as Haplic Phaeozems
(25-50%), Luvic Phaeozems (10-25%), and Cambic Endoleptic Phaeozems (<10%). The
surrounding landform was described as slopes and eroded plateau surfaces on pyroclastic
products, mainly consolidated (tuffs). Those from Orchard 2 were classified as Haplic
Luvisols (25-50%) and Protovertic Endogleyic Cambisols (25-50%). The surrounding
landform was described as “high” Pontine plain surfaces on prevailing fluvial deposits [31].
In each orchard, both asymptomatic (A) and symptomatic (S) areas were identified (O1A
and O1S for Orchard 1, O2A and O2S for Orchard 2). Four plants were randomly selected
(replicates, n = 4) within each symptomatic and asymptomatic area of each orchard as
healthy controls (Figure 1a,b). For each plant, five sub-samples of rhizosphere soil were
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collected around the trunk, about 50 cm far from the collar (Figure 1c,d), to create a
composite soil sample (ca. 3 kg). Soil sampling was conducted twice a year (spring and
autumn) to evaluate the possible influence of phenology and crop season. Soil samples
were air-dried at room temperature in the lab and sieved to <2 mm before storage at 4 °C
for chemical and biochemical analyses and at —20 °C for phospholipid fatty acid (PLFA)
and molecular analyses.

Figure 1. Sampling layout and orchard conditions. (a) Asymptomatic and (b) symptomatic kiwifruit
orchard. Detailed view of kiwifruit trees with designated sampling points around the trunk for (c)
asymptomatic and (d) symptomatic trees with the five specific sampling locations around each trunk.

2.2. Disease Severity Score

A scoring scale from 0 to 3 for disease severity for both epigeal and hypogeal symptoms
was set up to better distinguish between symptomatic and asymptomatic plants and
accurately categorise them into different classes. For epigeal symptoms, 0 = no symptoms
(healthy plant); 1 = mild symptoms (plant decay sometimes identifiable by declining new
shoots and the appearance of leaf chlorosis, few new shoots, reduced leaf size, widespread
leaf chlorosis); 2 = severe symptoms (phylloptosis, carpoptosis, and reduced fruit size, (if
present), vine decline); and 3 = dead plant. For hypogeal symptoms, 0 = no symptoms
(healthy roots); 1 = mild symptoms (reduced adsorbent root and widespread necrosis);
2 = severe symptoms (some primary roots and almost all secondary roots rot and loss of
cortical tissues begins, showing the rat’s tails and almost disappearing absorbent roots);
and 3 = dead plant (Figure 2). Using the described disease severity scale, it was possible
to select the asymptomatic areas to collect soil samples from the rhizosphere of healthy
kiwifruit trees.
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Figure 2. Scoring scale for disease severity (0-3) for epigeal and hypogeal symptoms in kiwifruit
plants. Epigeal symptoms: (b) no symptoms (healthy plant); (d) mild symptoms (plant decline
sometimes visible through reduced shoot growth, leaf chlorosis, fewer new shoots, and smaller
leaves); (f) severe symptoms (leaf drop, fruit drop, reduced fruit size if present, and overall vine
decline); (h) dead plant. Hypogeal symptoms: (a) no symptoms (healthy roots); (c) mild symptoms
(reduction of absorbent roots and visible necrosis); (e) severe symptoms (decay of primary roots, near-
complete rot of secondary roots, loss of cortical tissue, “rat-tail” appearance, and loss of absorbent
roots); (g) dead roots. For root symptoms, images show roots during sampling (left) and after
washing (right).
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2.3. Soil Physicochemical Properties

The water content of the soil was measured gravimetrically. Soil pH, electrical con-
ductivity (EC), the water-soluble content of carbon (WSC), and the water-soluble nitrogen
content (WSN) were measured in a soil/distilled water extract (1:5, w:v). Soil pH was
analysed using a pH meter (96155-10D; HORIBA Scientific, Piscataway, NJ, USA). EC
was analysed using a conductivity cell (9382-10D, HORIBA Scientific, Piscataway, NJ,
USA). WSC and WSN were analysed using a C/N analyser for liquid samples (Multi
N/C 3100, Analytic, Jena, Germany). Ammonium (NH4*) was analysed by colourimetric
determination in KCl1 extracts following the method by Kandeler and Gerber [32]. Soil
macro- and micro-nutrient contents were measured using an ICP-OES spectrometer (ICAP
6500 DUO from Thermo-Scientific, Waltham, MA, USA) after a process of nitric-perchloric
acid digestion. Total carbon (TC), total nitrogen (TN), and soil organic carbon (SOC) con-
tent were analysed using an Elemental Analyser (C/N Flash EA 112 Series-Leco Truspec,
St. Joseph, MI, USA).

2.4. Soil Microbial Respiration and Enzyme Activities

Basal soil respiration (BSR) (mg CO,-C kg~ soil day~!) was measured by placing
20 g of soil at 50% of its water holding capacity (WHC) in hermetically sealed flasks and
incubating for 40 days at 28 °C in the darkness. Released CO, was measured periodically
with an infrared CO; analyser (CheckMate 302 (Zr) CO,-100%; MOCON Europe A/S,
Ringsted, Denmark). Beta-glucosidase and alkaline phosphatase activities were analysed
using the methods of Eivazi and Tabatabai [33] and Tabatabai and Bremner [34], respectively.
Both activities were expressed in units of micromoles of p-nitrophenol (PNP) produced per
gram of dry soil per hour (umol PNP g~! h=1). Urease activity was determined using the
buffered method of Kandeler and Gerber [32] and was expressed in units of micromoles of
ammonium-N produced per gram of dry soil per hour (umol NH4*-N g~1 h~1).

2.5. Phospholipid Fatty Acid (PLFA) Analysis

Soil microbial biomass was determined by phospholipid fatty acid analysis (PLFA).
Fatty acids were extracted from soil using a chloroform/methanol/citrate buffer
(1:2:0.8 v/v/v) according to Bligh and Dyer [35]. Fatty acids were then fractionated to obtain
the phospholipidic fraction [30] and then transformed into fatty acid methyl esters [36]. The
PLFAs were analysed with a gas chromatograph (8860 GC System, Agilent Technologies,
Santa Clara, CA, USA) equipped with a flame ionisation detector (FID), using a DB-Fast
FAME capillary column (30 m x 0.25 mm ID x 0.25 um film) (Agilent Technologies), with
helium as the carrier gas. The conditions used were as follows: an initial temperature
of 80 °C for 1 min 30 s, then an increase to 160 °C with a ramp of 40 °C/min, then to
167 °C at 0.5 °C/min, then to 200 °C at 30 °C/min, and finally to 230 °C at 4 °C/min. All
fatty acids mentioned in this article are described according to the standard nomenclature
of Vestal and White [37]. The fatty acids i15:0, a15:0, i16:0, i117:0, 16:1w7, cy17:0, cy19:0,
10Me16:0, and 10Me18:0 are considered representative of bacterial biomass [30,38], and the
fatty acids 18:2w6,9t and 18:2w6,9c are considered representative of fungal biomass [39,40].
The fatty acids 115:0, a15:0, i16:0, i117:0, 10Me16:0, and 10Me18:0 are considered representa-
tive of Gram-positive (Gram+) biomass, while fatty acids 16:1w7, cy17:0, and cy19:0 are
considered representative of Gram-negative (Gram—) biomass [30,38]. The actinobacterial
representative fatty acids are 10Me16:0 and 10Me18:0 [38].

2.6. DNA Extraction

Extraction of DNA from 250 mg of soil from each sample was performed using a
DNeasy PowerSoil Pro Kit (QIAGEN, Hilden, Germany) following the manufacturer’s
instructions with a modified homogenisation step using the FastPrep Instrument (MP
Biomedicals, Santa Ana, CA, USA) instead of vortexing. DNA samples were quantified
and quality checked using the DeNovix dsDNA High Sensitivity Assay kit (DeNovix)
and the DeNovix DS-11 FX+ Spectrophotometer /Fluorometer (DeNovix Inc., Wilming-
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ton, DE, USA), respectively. DNA concentration for each extraction was standardised to
20 ng/ uL~1, and only 3 low-concentrated samples were standardised at 5 ng/ puL~L,

2.7. Bacterial V4 and Fungal ITS2 Amplicon Sequencing

The V4 region of the bacterial 16S TRNA gene was amplified using barcoded primers
515F and 806R [41]. The PCR amplification of DNA from the fungal ITS2 region was
performed using barcoded primers gITS7 and ITS4 [42] in three PCR reactions per sam-
ple, as described by Zif¢akova, et al. [43]. Both primers were composed of the barcode
(4-6 nucleotides), a spacer (2 nucleotides) absent in all GenBank sequences at this position
to avoid preferential amplification of some targets [44], and the specific primer. Both
forward and reverse primers were barcoded to make sure that barcode-switching did not
affect the results and to avoid problems with Caporaso primers [41]. The PCR products
were purified using a MiniElute Kit (Qiagen), and the concentrations were measured with
a Qubit 4 Fluorometer (ThermoFisher Scientific). Afterwards, the library was prepared ac-
cording to Vera et al. (2021) [45], and sequencing of microbial amplicons was performed on
Ilumina MiSeq (in a paired-end 2 x 300 base pair (bp) run). Bioinformatic processing of the
sequences was conducted using the USEARCH pipeline and UPARSE-OTU algorithm [46].
The paired-end (PE) sequences were first merged with the command -fastq_mergepairs.
Then, PE reads were quality-filtered, allowing a maximum e-value of 1.0, trimmed (to
240 and 250 bp for prokaryotic and fungal libraries, respectively), dereplicated, and sorted
by abundance (removing singletons) prior to chimaera detection and determination of
OTUs (operational taxonomic units) at 97% sequence identity. Finally, the original se-
quences were mapped to OTUs at the 97% identity threshold to obtain one OTU table for
the prokaryotic community and one OTU table for the fungal community. The taxonomic
affiliation of each OTU was obtained using the -syntax algorithm against the RDP 16S
rRNA training set for 16s TRNA gene sequences [47] and UNITE for ITS2 sequences [48],
with an 80% confidence threshold in both cases. The sequencing depth across libraries was
normalised, and the normalised OTU tables were used for downstream analyses. Diversity
indicators (Shannon-Wiener index -H- and richness -R-) were calculated for the bacterial
community (165 rRNA sequences) and the fungal community (ITS sequences) using the
command -alpha_div. The DNA sequences have been submitted to the NCBI SRA with the
assigned accession number PRINA1156594.

2.8. Statistical Analysis

The data normality and homoscedasticity were checked with the Kolmogorov-Smirnov
and Levene tests, respectively. To assess the effect of the factor “plant’s status”, data, includ-
ing diversity indicators (Shannon-Wiener index -H- and richness -R-) from each orchard at
each sampling time, were subjected to a one-way ANOVA. The data were further subjected
to a two-way repeated measures analysis of variance (ANOVA) to test the interactive effects
of the “plant’s status” (Symptomatic, Asymptomatic) and “orchard” (O1, O2) within the
same sampling period. The effects of the factor “plant’s status” and its interaction with the
other independent factors on seasonal variations were tested in a three-way repeated mea-
sures ANOVA. The ANOVA test was followed by post hoc Tukey’s significant difference
test. Differences at p < 0.05 were considered statistically significant.

To assess variations in soil microbial structure (bacterial and fungal communities)
between asymptomatic and symptomatic areas in each of the two orchards, a non-metric
multidimensional scaling (NMDS) analysis was conducted using Bray-Curtis dissimilarities
at the OTU level. The significance of the differences was assessed via PerMANOVA with
9999 permutations using the adonis2 function in R version 4.2.1 with the “vegan” package.
Indicator Species Analysis (ISA) was used to link relative abundance at the OTU level
with orchard status running the “indicspecies” package in R version 4.2.1. A threshold
level of indicator value with 95% significance (p-value < 0.05) was chosen as a cut-off for
identifying indicator species [49].
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