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Abstract 

Esca is one of the most damaging fungal diseases of grapevine and continues to defy Koch’s postula t es. Although 

Phaeomoniella chlamydospor a , Phaeoacr emonium minimum , and F omitiporia mediterr anea ar e consist ently associa t ed with 

wood necrosis in esca-sympt oma tic vines, they also occur in asympt oma tic vines and even in app arently he althy wood tis- 

sues without visible necrosis, and single-species but also mixed-species inoculations rarely reproduce the characteristic foliar 

symp toms. We hypo thesiz e that esc a is bes t unders tood as a s tress-media t ed pa thobiome disorder of the grapevine holo- 

biont rather than a pr edic table outcome of specific fungal combinations, shifting f ocus fr om pa thog en identity t o holobiont 

functional sta t e and environmental cont ext. In this Review, we int egra t e evidenc e from c ommunity ec olog y, vascular biolog y, 

and multi-omics studies to link microbial community struc tur e and activity with host hydraulics, defence, and environmental 

driv er s. Me tabar coding and me ta transcript omics indica t e tha t sympt om expr ession corr ela t es with func tional r epr ogramming 

of trunk-inhabiting fungi more than their mere presence, while metabolomics and epigenomics reveal localized physiological 

disruption combined with systemic r e gulatory r esponses. Climatic and edaphic stresses, particularly drought, are strongly as- 

socia t ed with holobiont destabilization and dysbiosis, altering symptom expression without necessarily modifying pa thog en 

oc currenc e. We propose a temporal, multi-phase model integrating colonization history, microbiome restructuring, and host 

stress physiology through long-term feedbacks. This framework emerges through convergent multi-omics evidence and gen- 

era t es t estable pr edic tions f or early de tec tion, micr obiome-inf ormed biocontr ol, and r esilience-oriented vineyar d manage- 

ment stra t egies. 

K eywords abio tic stress, dysbiosis, esca, holobiont, multi-omics, pathobiome 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Intr oduc tion: esc a as a complex 

pa thosyst em 

Esca is one of the most enigmatic diseases affec ting grapevine 
( Vitis vinif er a L.). Historic ally described as a single entity, it is 
now r ecogniz ed as a complex of wood decay syndromes encom- 
passing young esc a (Pe tri disease) in nursery material and esca 
pr oper in matur e vines (Mugnai e t al. 1999 ). This Re vie w focuses 
specific ally on esc a pr oper in matur e vineyar ds. Internally, af- 
f ec ted vines display bro wn w ood str eaking, sec torial necr osis, and 

white spongy rot (Mugnai et al. 1999 , Fischer 2006 ), while ex ter - 
nally they may show chronic "tiger stripe" foliar p a tt erns or sud- 
den apoplexy (Surico et al. 2006 , Lecomte et al. 2012 ). At the vine- 
yar d sc ale, esc a incidence and symptom expr ession ar e notori- 
ously erratic across y ear s, vines and plot s, complic ating diagnosis, 
etiology, and manag ement (Lecomt e e t al. 2012 , Dew asme e t al. 
2022 ). 

F or many ye ars, rese arch on esca was guided by a tra-
ditional e tiologic al framework gr ounded in Koch’s postula t es.
Phaeomoniella chlamydospora (W. Gams, Crous, M.J. Wingf. and
Mugnai) Crous and W. Gams and Phaeoacremonium spp. were ini-
tially identified as early colonizers of the xylem in both young and
ma ture vines, while b asidiomycet es such as Fomitiporia mediter-
ranea M. Fisch. were implica t ed as the main agents responsible for
white rot in older vines (Mugnai et al. 1999 , Fischer 2006 , Mostert et
al. 2006 , Cloe te e t al. 2015 ). Field surveys have reported P. chlamy-
dospora in up to 94.9% of vines showing internal wood symp-
toms, along with high frequencies of Phaeoacremonium minimum
(T ul. & C. T ul.) Gramaje, L. Mostert & Crous and b asidiomycet es
in vineyar ds affec ted by esc a (Mostert e t al. 2006 , Fischer 2006 ,
Díaz and La t orr e 2014 , Cloe te e t al. 2015 ). These fungi also oc-
cur widely in symptomless vines and in app arently he althy wood
tissues without visible necr osis acr oss div er se viticultural r e gions
(Hofs tet ter et al. 2012 , Choueiri et al. 2014 , Bruez et al. 2014 ,
Elena et al. 2018 , 2020 , Geiger et al. 2022 ), indicating that mixed
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nf ec tions, most of them remaining la t ent, ar e extr emely common. 
his widespre ad asympt oma tic coloniza tion highlights the limits 
f applying Koch’s postula t es t o perennial woody host s, wher e 
ise ase seems t o arise not fr om a single c ausal agent but fr om 

hifting interactions among the plant, its microbiome and the 
nvironment. 

A growing body of evidence has increasingly challenged this 
 a thog en-centr ed perspec tive. Single- or dual-isola t e inocula- 

ions consistently r epr oduce internal wood necroses but rarely 
ive rise to the characteristic foliar symptoms, even after several 
easons (Larignon and Dubos 1997 , Mugnai et al. 1999 , Sp arap ano 

t al. 2000 , 2001 , Gramaje et al. 2010 , Mohammadi et al. 2013 , 
íaz and La t orr e 2014 ). High-thr oughput surveys further r eveal 
olymicrobial communities where esca-associa t ed fungi coexist 
ith sapr otr ophs, endophyt es and pot ential antag onists (Monod 

t al. 2025a , Pinto et al. 2014 , Bruez et al. 2020 , Bekris et al. 
021 , Geiger et al. 2022 , Aze vedo-Nogueira et al. 2025 ). Se vere fo- 

iar damage has even been linked to unexpected fungal combina- 
ions, such as A ur eobasidium pullulans (de Bary) G. Arnaud with P. 
hlamydospora (Karácsony et al. 2023 ). 

Environment al c onditions add another layer of c omplexity. 
ariability in clima t e and soil properties strongly influences dis- 
ase expr ession: dr ought, heat w aves, and he ter ogeneity in soil 
a t er-holding cap acity have all been repe a t edly associa t ed with 

luctuations in symptom incidence and vine mortality (Bortolami 
t al. 2021a , Monod et al. 2025b , Fischer and Peighami-Ashnaei 
019 ). Tog ether, these observa tions indica t e tha t esc a c annot be 
xplained by individual p a thog enic species alone, but rather ap- 
e ars t o emerg e from cont ext-dependent int eractions among the 
ost, its microbiome and the environment. 

Esc a sit s within a lar ger gr oup of decline syndr omes that affec t 
oody plants in forests and perennial cropping systems world- 
ide (Ciesla and Donaubauer 1994 , Desprez-Loustau et al. 2006 , 
artelli et al. 2016 ). These disorders share key fe a tures with esca: 

hey rar ely f ollow simple c ausal models, typic ally inv olv e multiple 
icr obial tax a ac ting simultaneously, e xhibit e xtended periods of 

a t ent inf ec tion, and display symptom expr ession that fluc tua t es 
ith environment al c onditions. Not ably, abiotic stresses, partic- 
larly drought, appear to shift latent or benign endophytes into 

ore damaging roles across div er se systems (Desprez-Loustau et 
l. 2006 , Martelli et al. 2016 , Songy et al. 2019 ). Oak decline under 
r ought, f or ex ample, has been linked to the ac tivation of endo- 
hytic fungi that remain inconspicuous under milder conditions 

Sallé et al. 2014 ), while similar dynamics have been described in 

runk and crown rots affecting fruit trees and kiwifruit (Spigaglia 
t al. 2020 ). 

Despite the biological and ecological div er sity of these systems, 
ecurring p a tt erns emerg e tha t p arallel esca’s behaviour. Decline 
yndr omes ar e often associa t ed with r educ tions in micr obial di- 
 er sity, shifts to ward opportunistic or str ess-tolerant tax a, and 

r ogr essive impairment of vascular inte grity (Despr ez-Loustau e t 
l. 2006 , Be ttenf eld e t al. 2020 , 2022 ). Such tr ends r eflec t the na- 
ure of long-lived woody hosts, which assemble intrica t e micro- 
ial communities o v er dec ades. The composition and func tion of 

hese microbiomes are shaped not only by plant age but also by 
he cumulative influence of local environmental conditions and 

as t s tr ess exposur e. Grapevines similarly harbour div er se fungal 
nd b act erial endophyt es whose contributions t o gr owth pr omo- 
ion, defence modulation and metabolic adjustments vary with 

edoclima tic cont ext, cultivar, vine age, and management prac- 
ic es (Pacific o et al. 2019 ). 

Viewed through this comp ara tive lens, dise ase emerg ence in
woody plants, including esca, often coincides with a breakdown
in holobiont stability rather than the invasion of no v el p a thog ens.
Acr oss decline syndr omes, str ess-induced disruption of host-
microbiome homeostasis appe ars t o play a more central role in
symptom development than the activity of any single p a thog enic
agent (Vandenkoornhuyse et al. 2015 , Bettenfeld et al. 2020 , Li et
al. 2023 ). This c onvergenc e sugg ests tha t esca is not an isola t ed
phenomenon but part of a broader pattern requiring c onc eptual
frameworks capable of inte grating micr obial complexity, envir on-
ment al c ont ext, and long-t erm host-micr obiome f eedbacks. 

The purpose of this re vie w is to present esca as a multi-
facet ed p a thosyst em tha t is more accura t ely int erpr e ted thr ough
the lenses of the p a thobiome and the holobiont. By integrating
these c onc eptual frameworks with rec ent multi-omics insights, we
sho w ho w they help resolv e long-st anding inc onsistencies in esca
r esear ch and offer a mor e r obust f oundation f or disease pr edic-
tion and management. We first revisit esca in light of the p a tho-
biome paradigm, then examine the grapevine holobiont and vas-
cular p a thobiology, int egra t e multi-omics insights, and finally pro-
pose a temporal, multi-phase model with implications for man-
agement under climate change. 

The pathobiome paradigm and the 

disease triangle in grapevine esca 

From single pa thog ens t o microbial 

communities 

The "p a thobiome" c onc ept r ef ers to the entir e community of
micr oor ganisms (including r ecogniz ed p a thog ens, beneficial or
neutral endophytes, wood-decomposing sapr otr ophs, epiphytic
colonizer s, and my corrhizal symbionts) whose collective activi-
ties contribute to disease (Vayssier-Taussat et al. 2014 , Bass et
al. 2019 ). This syst ems-orient ed view contrasts with the single-
p a thog en model derived from Koch’s postula t es and reframes
p a thog enicity as an emer gent pr operty of community struc tur e,
micr obial interac tions, host physiology, and envir onment al c on-
text (Lamichhane and Venturi 2015 ). 

Esca aligns well with this par adigm. S tudies conducted in nurs-
eries and vineyards consistently show that vines harbour di-
v er se communities of trunk-associa t ed fungi, including P. chlamy-
dospora , Pm. minimum , Fomitiporia spp., and numerous endo-
phyt es (Hofst ett er et al. 2012 , Bruez et al. 2020 , Gramaje et al. 2022 ,
Hryc an e t al. 2023 , Gar cia e t al. 2025 ). Many of these or ganisms dis-
play considerable lifestyle plasticity, shifting between la t ent and
p a thog enic modes depending on the physiological sta t e of the
host and environmental stressors (Hrycan et al. 2020 , Bettenfeld et
al. 2020 , 2022 ). Fr om a ne twork-orient ed viewpoint, dise ase does
not arise simply from the presence of p a thog enic taxa but from
the way these fungi interact within a dynamic, multispecies com-
munity under specific environmental conditions and host stress
sta t es. 

This interpr e tation expands the disease triangle (Fischer and
Peighami-Ashnaei 2019 )—host, p a thog en, environment—int o a
tetr ahedr al or multidimensional framework that explicitly incor-
pora t es the microbiome (Leveau 2024 ) (Fig. 1 ). In this expanded
model, esc a r eflec t s interac ting pr ocesses involving (i) host
hydraulic and defence status, (ii) specific pathogenic fungi,
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Figure 1 Paradigm shift from the disease triangle to a holobiont framework in grapevine esca. (A) Disease triangle: disease risk is c onc eptualized as 

emer ging fr om the intersec tion of host susceptibility, p a thog en pr essur e, and envir onment, typic ally emphasizing single c ausal agent s and lar gely 

one-w ay effec t s. (B) Holobiont framework: esc a is interpr e ted as an emergent outcome of a coupled host–microbiome system in which disease develops 

under stress-driven dysbiosis, shaped by bidir ec tional f eedback among the host, it s micr obio ta, abio tic conditions, management, and bio tic stress. This 

framework helps explain why p a thog en presence alone poorly predicts symptom expression. 
(iii) resident microbial communities with antagonistic or facilita- 
tive roles, and (iv) environmental driv er s. The association of P. 
chlamydospora or F. mediterranea with diseased vines therefore 
r eflec t s only part of a larger ecological system: symptom devel- 
opment ultima t ely depends on ho w these fungi behav e within a 
community embedded in a stressed holobiont (Leal et al. 2024a , 
Monod et al. 2025a , Bruez et al. 2020 , Hrycan et al. 2025 ). In the fol- 
lo wing section, w e examine ho w this community-based per spec- 
tive is r eflec ted in the e tiologic al complexity of esc a, wher e co- 
inf ec tion, la t ency, and cont ext-dependent sympt om expression 

blur the boundaries of classical disease definitions. 

E tiological c omplexity of esca: 

co-inf ec tion, la t ency, and limits of Koch’s 

postula t es 

The classification of esca has long reflected its etiological com- 
plexity. It has been described as a single but multifaceted syn- 
dr ome (Lecomte e t al. 2012 ) or as a gr oup of o v erlapping diseases 
(Mugnai et al. 1999 , Andolfi et al. 2011 ). Surico ( 2009 ) further distin- 
guished white r ot, chr onic f oliar symptoms, apoplexy, and brown 

wood streaking. Although white rot, almost always linked to F. 
mediterr anea , w as traditionally viewed as independent from tiger- 
stripe symptoms, recent studies challenge this separation: the de- 
velopment of white rot (Maher et al. 2012 , Ouadi et al. 2019 ) or high 

F. mediterranea abundance (Del Frari et al. 2021 ) is strongly associ- 
a t ed with le af -stripe expression and apoplexy. C ur e ttage trials also 

sho w that remo ving white r ot r educ es symptom incidenc e (Cholet 
e t al. 2021 , Pace tti e t al. 2021 , Lecomte e t al. 2022 ), echoing early 
interpr e tations by Ravaz ( 1909 ), Viala ( 1926 ), and Arnaud and Ar- 
naud ( 1931 ) that these manifestations r eflec t one disease process. 

Mixed inf ec tions ar e the rule rather than the ex cep tion. Sur-
veys often det ect several trunk disease complexes within a single
vine, and individual lesions typically c ont ain multiple fungal taxa
(L uque e t al. 2009 , Choueiri e t al. 2014 , Elena e t al. 2018 , Bruez
e t al. 2020 ). Me tabar coding studies show that esca-associated
fungi occur within div er se communities that vary across tis-
sues, vineyards, and cultivars (Monod et al. 2025a , Bruez et al.
2020 , Az evedo-Nogueira e t al. 2025 ). Although P. chlamydospora ,
Pm. minimum , and F. mediterr anea ar e among the most consis-
t ently report ed taxa, numerous other fungi are frequently de-
t ect ed, including additional Phaeoacremonium spp., and various
b asidiomycet es beyond F omitiporia (e.g. F omitipor ella , Inonot us ,
Ster eum ) (Cloe te e t al. 2015 , Br own e t al. 2020 ). Importantly, these
fungi, including the most frequently cit ed esca-associa t ed taxa,
are consistently found at similar abundances in both sympt oma tic
and asympt oma tic vines (Elena e t al. 2018 , Del Frari e t al. 2019 ,
Bruez et al. 2020 , Geiger et al. 2022 , Gramaje et al. 2022 , Hrycan et
al. 2023 , Gar cia e t al. 2025 ), underscoring tha t p a thog en presence
alone is a poor pr edic tor of symptom expr ession (Hofste tter e t al.
2012 ). 

Geographic variation in esca-associated mycobiomes further 
underscores the p a thobiome na ture of the dise ase. In some viti-
cultural r e gions (e.g. part s of Australia, South Americ a, and North
Americ a), F. mediterr anea is absent or occurs at low fr equency, ye t
esc a-like f oliar symptoms ar e still observed (Fischer e t al. 2005 ,
L upo e t al. 2006 , Úrbez-Torr es e t al. 2014 , Br own e t al. 2020 ). In
these are as, other b asidiomycet es such as Fomitiporella spp., In-
onot us spp ., or Ster eum hirsut um may fulfill similar ecologic al r oles
in wood decay (Cloete et al. 2015 , Brown et al. 2020 ), reinforcing
the view that symptom expression depends on community-level
func tional trait s rather than the pr esenc e of specific t axonomic
markers. 
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Despite this polymicrobial context, pathogenicity tests have 
istoric ally r elied on single-isola t e inocula tions. While these ex - 
eriment s c an r epr oduce internal wood necr oses, they rar ely in- 
uce tiger-stripe symptoms or apoplexy (Larignon and Dubos 
997 , Mugnai et al. 1999 , Sp arap ano et al. 2000 , 2001 , Gramaje 
t al. 2010 , Mohammadi et al. 2013 , Díaz and La t orre 2014 ). No- 
 able exc eptions include Úrbez-Torres et al. ( 2014 ) and Brown et 
l. ( 2020 ), who obtained tiger-stripe-like foliar symptoms in young 
otted vines single or co-inoculated with P. chlamydospora and 

haeoacr emonium spp . and basidiomyce tes ( F omitiporia spp .), 
hough these symptoms have not been consistently r epr oduced 

n mature field vines, highlighting the limitations of short - term, 
ingle-environment assays. 

Overall, foliar symptoms appear to arise from interactions 
mong toxin pr oduc tion, xylem dysfunc tion, hydraulic bottle- 
ecks, and envir onmental str ess (Surico e t al. 2006 , Bortolami 
t al. 2023 ). Similar dynamics occur in Petri disease: P. chlamy- 
ospora behaves as a la t ent p a thog en whose virulence is strongly 
odula t ed by wa t er deficit, which increases its abundance and 

ssocia t ed necrosis without major community shifts (Hryc an 

t al. 2025 ). Disease expression therefore depends less on the 
 a thog ens themselves than on how str ess r eshapes host physi- 
logy and activa t es otherwise quiescent endophyt es (Hofst ett er 
t al. 2012 ). 

Taken t og ether, these findings illustra t e the limita tions of 
och’s postula t es in long-liv ed w oody host s with chr onic mixed 

nf ec tions. They support the need for experimental designs in- 
orpora ting multispecies inocula tions, stress manipula tions, and 

ongitudinal profiling of host physiology and microbial activity 
Morales-Cruz et al. 2018a , b , Chambard et al. 2025 ). Recognizing 
sca as an emergent property of host-microbiome-environment 

nt eractions na turally le ads t ow ar d br oader ecologic al frame- 
orks, where holobiont dynamics and community assembly of- 

 er mor e coher ent explanations than classic al p a thog en-centric 
odels. 

he grapevine holobiont and 

ascular pathobiology 

rapevine as a holobiont: microbial 

ommunity struc tur e in wood 

he holobiont c onc ept, viewing the plant and its associa t ed mi- 
robiota as an int egra t ed unit, provides a powerful framework for 

nterpr e ting esc a’s complexity (Zilber-R osenber g and R osenber g 
008 , Vandenkoornhuyse et al. 2015 ). Grapevines do not host a 
ingle microbiome but a set of them, spread across soil, roots, 
he woody cylinder, xylem sap, and even the leaf surface or inte- 
ior (Berlanas et al. 2019 , Niem et al. 2020 , Darriaut et al. 2022 , 
e ttenf eld e t al. 2022 ). Moreo v er, fungal communities differ sub- 
tantially between trunk wood (older, perennial tissue) and stem 

 ood (y ounger, annual gro wth), reflecting age-dependent colo- 
ization dynamics and envir onmental exposur e history (Gastou 

t al. 2026 ). Each of these c ompartments c ontributes in differ ent 
ays to nutrient upt ake, stress toleranc e, and suppression of some 
 a thog ens, yet they also harbour fungi that may stay la t ent for 
 ear s or behav e opportunistically when conditions change (Paci- 
ico et al. 2019 ). In many r espec t s, these micr obial communities 

seem to r eflec t long-t erm co-associa tions shaped by the vine’s
per ennial natur e, loc al terr oir, and the filtering imposed by partic-
ular genotypes (Gramaje et al. 2022 ). 

Wood and xylem tissues, long assumed to be almost ster-
ile, actually host a surprisingly div er se set of b act erial and fun-
gal groups (Haidar et al. 2021 , Bettenfeld et al. 2022 ). Both
cultur e-based me thods and me tabar coding studies r outinely r e-
co v er common b act erial g enera such as Pseudomonas , Bacillus ,
and Methylobacterium , along with numerous fungi, including well-
known trunk p a thog ens and potential antagonists with biocontrol
ac tivity against esc a-associa t ed fungi (Pint o e t al. 2014 , Bruez e t
al. 2020 , Bekris et al. 2021 ). Still, the o v erlap betw een these ap-
proaches is far from complete. Molecular surveys usually reveal
higher richness, particularly in older vines, and they also show
str ong micr ohabitat differ entiation be tw een bark, sap w ood, and
heartwood (Dissanayake et al. 2018 , Deyett and Rolshausen 2020 ).
This suggests that the internal struc tur e of the trunk ac t s as a fairly
tight filter on microbial distributions. 

R e gional me tabar coding studies r einf or ce this idea: endophytic
communities in trunks vary with terroir , cultivar , vine age, and
r oot stock, and Grapevine Trunk Disease (GTD)-associated fami-
lies like Phaeomoniellaceae and Togniniaceae frequently domi-
na t e wood tissues across sites (Azevedo-Nogueira et al. 2025 ). In-
terestingly, alpha div er sity often remains similar between healthy
and sympt oma tic vines, while beta div er sity is mostly driv en b y
vineyard identity and tissue type (Del Frari et al. 2019 , Bekris
et al. 2021 ). Alt og ether, this supports the view that many esca-
associa t ed fungi are persistent components of the grapevine my-
cobiome, and that their behaviour, rather than their simple pres-
ence, is what shifts under stress. 

The host also shapes the holobiont through its own structural
traits. Wood ana t omy, vessel diamet ers, and the vine’s ability t o
c ompartment alize damaged tissues all influence how microbes
establish and spr ead. C ultivars with wider vessels or less effec tive
c ompartment alization tend to show more extensive necrosis and
stronger hydraulic impairment in experimental inoculation stud-
ies (Bortolami et al. 2021b , Pouzoulet et al. 2014 , 2017 , 2020 , Ram-
sing et al. 2021 ). Ho w ev er, rec ent evidenc e acr oss a lar ge cultivar
panel ( n = 23) reveals no consistent r elationship be tween consti-
tutiv e v essel ana t omy (vessel diamet er, ray p arenchyma fraction,
pit struc tur e) and esc a f oliar symptom expr ession in the field (Gas-
t ou et al. 2025b ), sugg esting tha t ana t omic al trait s do not de ter-
mine disease susceptibility at the whole-plant level. In practice,
the trunk behaves as a long-term reservoir for a diverse suite of
micr obes whose ecologic al dynamics, especially how they inter-
act with the v ascular sys t em, appe ar t o det ermine whether endo-
phytism remains benign or mo v es to w ar d disease. Understanding
these transitions se t s the stage for the mechanistic aspec t s dis-
cussed in the following section. 

Vascular colonization, xylem dysfunction, 

and symptom expression 

Esca-associa t ed fungal p a thog ens can colonize grapevines
thr ough multiple r out es. Pruning wounds, graft int erfaces, and
other entry point s pr ovide opportunities for infection by airborne
or tool-borne inoculum (Mugnai et al. 1999 , Fischer 2006 , Gramaje
and Armengol 2011 ). Ho w ev er, P. chlamy dospora and, to a lesser
extent, Phaeoacr emonium spp . ar e fr equently de tec ted in nursery
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prop aga tion ma t erial (scion and r oot st ocks) prior t o field planting 
(Gramaje and Armengol 2011 ), and their widespread oc currenc e 
in asympt oma tic young and ma ture vines sugg ests tha t these 
fungi may be vertically transmitted and constitut e la t ent compo- 
nents of the grapevine holobiont from the out se t (Hofste tter e t 
al. 2012 , Bruez et al. 2020 , Hrycan et al. 2020 ). Once established, 
asc omyc etes such as P. chlamydospora and Phaeoacremonium 

spp . typic ally coloniz e y ounger w oody tissues and xylem v essels, 
where as b asidiomycet es such as F. mediterranea and rela t ed taxa 
establish in older wood and drive white-r ot f ormation (Mugnai 
et al. 1999 , Fischer 2006 , Maher et al. 2012 , Cloete et al. 2015 ), a 
fe a ture strongly associa t ed with chronic esca symptoms (Maher 
et al. 2012 ). Met abarc oding studies c onfirm this age-dependent 
p a tt ern: dec ay-inducing fungi ar e abundant in permanent s truc - 
tures but largely absent from current-season canes, which inst e ad 

host non-p a thog enic endophyt es and sapr otr ophs (Del Frari e t al. 
2019 , Martínez-Diz et al. 2020 ). The dual origin of esca-associa t ed 

fungi, both as la t ent endophyt es inherit ed fr om pr op aga tion 

and as wound-invading opportunist s, underscor es that coloniza- 
tion alone does not explain the timing or int ermitt ence of foliar 
symptoms. 

At the organ scale, white rot represents a simplified and dis- 
tinct p a thobiome: F. mediterranea may ac c ount for 60–90% of fun- 
gal sequences in necrotic cordons at symptom onset, c o-oc curring 
with P. chlamydospora , while adjacent sound wood r e tains di- 
v er se communities (Bruez e t al. 2014 , 2020 ). Bac terial assem- 
blages are similarly simplified, enriched in Sphingomonas and 

Mycobacterium (Bruez et al. 2020 ). White rot therefore reflects a 
func tional micr obial sta t e ra ther than jus t adv anced decay. No- 
tably, wood bene a th tig er-striped le aves c an r esemble that be- 
ne a th asympt oma tic le aves (Del Frari et al. 2019 ), sugg esting tha t 
symptoms depend more on functional sta t es than on taxonomic 
shifts. Building on this, Del Frari et al. ( 2022 ) proposed the “edge 
hypo thesis,” in which symp t oms arise when le af -stripe-inducing 
molecules (LS SIM) surp ass a plant - and environment -dependent 
threshold; manag ement tha t reduces LS SIM or raises the thresh- 
old may suppress symptoms without removing esca-associa t ed 

fungi. 
The mechanisms underlying foliar symptom development re- 

main one of the major unanswered questions in esca research. 
Claverie et al. ( 2020 ) reformula t ed two major, non-exclusive mech- 
anistic hypotheses: (i) toxin hypothesis-systemic transport of phy- 
t ot oxic c ompounds produc ed by trunk p a thog ens or associa t ed 

microbes (Andolfi et al. 2011 ); and (ii) hydraulic -f ailure hypothesis- 
disruption of sap flow due to vessel blockage and loss of hydraulic 
c onductivity (Lec omt e et al. 2012 , Bort olami et al. 2019 , 2021a , 
2023 ). These hypotheses imply tha t foliar sympt oms may arise 
from t oxin-media t ed processes, vascular dysfunction or, most 
plausibly, their interaction under environmental stress. Recent 
w ork sho ws symptom onset is associa t ed with tyloses and gels 
in sympt oma tic le aves (Bort olami e t al. 2023 ) and young shoot s 
(Bortolami et al. 2021a ). These oc clusions, c onsistent with non- 
gaseous embolisms, may g enera t e int ernal stre aking. Although 

occlusions can form under aging or environmental stress (De 
Mic c o et al. 2016 ), their c onc entra tion in le aves appe ars specific t o 

esca. Air embolism has not been det ect ed (Bort olami et al. 2021a ), 
and reduced xylem transport does not necessarily alter whole- 
plant wa t er sta tus (Bort olami et al. 2021b ), le aving the initial trig- 
ger unc ert ain, especially under c ombined he a t , drought , and fun- 
g al activity. X ylem-mobile signals (t oxins, elicit ors, or both) may 

contribut e t o tylose forma tion and hydraulic collapse (Bort olami
et al. 2021a , Ouadi et al. 2019 ), alongside hormonal p a thways in-
volving ethylene and auxin (De Mic c o et al. 2016 ), which may ex-
plain partial leaf abscission and, in severe cases, apoplexy. 

Host responses compound vascular dysfunction. Tyloses and 

g els comp artmentaliz e dec ay but pr ogr essively r estric t w a t er flow
(Pouz oule t e t al. 2014 , 2017 , Ouadi et al. 2019 , 2020 ), and symp-
t oma tic st ems often show 50%–70% loss of conductivity (Borto-
lami et al. 2021b , Ouadi et al. 2019 ). Chronic symptoms likely re-
flect cumulative hydraulic decline, whereas apoplexy results from
acute failure during high evaporative demand (Surico et al. 2006 ,
Bortolami et al. 2019 , 2023 ). Yet vascular dysfunction alone can-
not explain strong variability in symptom expression among sim-
ilarly colonized vines. This has shifted a tt ention t ow ar d the func-
tional sta t e of the p a thobiome ra ther than its composition. Multi-
omics approaches linking community structure, gene expression, 
and metabolite profiles have therefore become essential for un-
derstanding the mechanistic basis of esca. 

Multi-omics insights into the esca 

pathobiome 

Me tabar coding, me ta transcript omics, 

metabolomics, and epigenomics in 

esc a-affec ted vines 

High-throughput omics technologies have transformed our un- 
derstanding of esca by c apturing micr obial composition, ac tivity,
func tional trait s, and host r e gula t ory sta t es a t differ ent levels. To-
gether, these c omplement ary appro aches show tha t esca is asso-
cia t ed with shifts in community function rather than the simple
presence of trunk p a thog ens, host physiology, and stress integra-
tion within the grapevine holobiont. 

Me tabar coding: who is there 

Ext ensive metab arcoding studies hav e sho wn that grapevine
wood hosts complex and taxonomically div er se microbial commu-
nities. These assemblages include not only fungi typically linked
to esca, but also saprotrophs, endophytes, pathogens, and many
poorly charac teriz ed tax a (Pinto e t al. 2014 , Bruez e t al. 2020 ,
Bekris et al. 2021 , Azevedo-Nogueira et al. 2025 ). Still, taxonomic
r esolution r emains limited when multi-locus data fr om cultur ed
isola t es are lacking (Dissanayake et al. 2018 ), and met abarc oding
c annot distinguish ac tive micr obes fr om dormant or dead cells
(Eichmeier et al. 2018 ). The recent detection of abundant my-
coviruses in esca-associa t ed fungi (Deb a t et al. 2025 ) adds yet an-
other layer of complexity to trunk microbiome interactions. 

Meta transcript omics: who is active and what they are 

doing 

Meta transcript omics o v ercomes the inability to infer activity from
presence alone. Using a closed-reference, multi-species pipeline, 
Morales-Cruz et al. ( 2018a ) demonstra t ed tha t co-inf ec ting fungi
expr ess distinc t virulence suit es in planta and tha t esca has a
characteristic community-level expression signature. Subsequent 
studies confirmed strong species- and tissue-specific expression 

of virulence, wood-decay, and str ess-r esponse genes (Morales-
Cruz e t al. 2018b , Massonne t e t al. 2018 , Nerva e t al. 2022 ). Str ess
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onditions modula t e these ac tivities: f or ex ample, w a t er deficit 
ncr eases P. chlamydospor a abundance and expr ession of trans- 
ort and antioxidant g enes, where as esca sympt om expression is 
ssocia t ed with strong F. mediterranea activity (eleva t ed rela tive 
bundance and upr e gulation of virulence-r ela t ed g enes, includ- 

ng CAZymes, peroxidases and det oxifica tion p a thways) (Cham- 
ar d e t al. 2025 ). Importantly, these micr obiome shifts primarily 

nv olv e changes in fungal relative abundance rather than com- 
lete community turno v er, with F. mediterranea transcriptional 
ctivity playing a central role in symptom development. 

etabolomics: what biochemical sta t es emerg e in the 

olobiont 

e tabolomic pr ofiling serves as a critic al tool f or linking micr obial 
c tivity to biochemic al transf ormations within plant tissues. Esc a- 
ffec ted wood displays accumulations of stilbenes, flavonoids, 
nd phenylpropanoids, as well as shifts in central carbon and lipid 

e tabolism (Morales-Cruz e t al. 2018b , Dell’Acqua e t al. 2025a , 
ima et al. 2017 ). These analyses reve al tha t stress -induced de - 
 ense r epr ogramming is associa t ed with chang es in the wood 

iche that favour F. mediterranea under esca physiology and P. 
hlamydospor a under dr ought, even when overall diversity re- 
ains stable. 

pigenomics: how the host stores and transmits stress 
nformation 

ecent work has added an epigenomic layer to our understand- 
ng of esc a. Ber ger e t al. ( 2025 ) f ound that transcriptional and 

e tabolic shifts ar e confined t o sympt oma tic le aves, while DNA 

ethyla tion chang es occur throughout the vine, even in tis- 
ues that look healthy. Symptomatic leaves tend to be broadly 
ypomethyla t ed, consist ent with defence activa tion, where as 
sympt oma tic le av es sho w their o wn distinc t me thylation signa- 
ur es. Notably, pr e-sympt oma tic vines display stable differ entially 

ethyla t ed regions across y ear s, hinting at epigenetic marks that 
ersist r e gar dless of envir onment or symptom expr ession. Alto- 
e ther, these r esult s sugg est tha t esca inv olv es loc aliz ed physi- 
logical disruption coupled with systemic r e gulatory r epr ogram- 
ing, a form of holobiont “memory” that may shape how vines 

espond to future stress and infection. 
Figur e 2 inte grates evidence from met agenomics, met atran- 

cript omics, metabolomics, and epig enomics, demonstra ting 
 onvergenc e on the pathobiome model. Across all molecu- 

ar levels, sympt oma tic vines ar e charac teriz ed by dysbiosis- 
ompositional shifts tow ar d p a thog en dominance, functional 
 epr ogramming of virulence and decay p a thw ays, me tabolic 
hang es tha t r estruc tur e the wood niche, and epig enetic alt er- 
 tions tha t persis t sys t emically. Tog ether, these multi-omics lay er s 
how that esca is associated with functional state of the holobiont 
ather than simple pathogen presence. 

icr obial ne tworks and dysbiosis 

ignatures under stress 

etwork analysis has emerged as a valuable t ool t o infer pot en- 
ial ecologic al interac tions fr om c o-oc currenc e p a tt erns in micro- 
iome data (Bass et al. 2019 , Lv et al. 2023 ). In grapevine wood, 
 o-oc currenc e networks built from met abarc oding dat asets gen- 

erally show tha t he althy or asympt oma tic tissues harbour com-
plex, modular networks with numerous positive and negative as-
sociations among taxa (Bekris et al. 2021 , Azevedo-Nogueira et al.
2025 ). 

From healthy networks to dysbiosis: simplification 

under disease and stress 

B y contrast, dise ased or str essed tissues typic ally exhibit r educed
netw ork complexity, marked b y few er connections, loss of mod-
ular struc tur e and the dominance of only a few p a thog enic taxa
(Leal et al. 2024a , Monod et al. 2025a ). These fe a tures ma t ch the
c onc ept of dysbiosis, where a once div er se and resilient commu-
nity transitions into a simplified, unstable assemblage prone to
opportunism (Be ttenf eld e t al. 2020 , 2022 ). 

White rot as terminal dysbiosis 

In esc a-affec t ed trunks, whit e-r ot ar eas r epr esent the most ad-
v anced s tage of this shift, hosting a much simpler fungal assem-
blag e, larg ely composed of F. mediterranea and P. chlamydospora ,
and a limited group of bacteria including Sphingomonas and My-
cobacterium (Bruez et al. 2020 ), compared with the surround-
ing sound wood. These communities, domina t ed by p a thog enic
taxa, mark a terminal dysbiosis sta t e in the trunk-associa t ed
p a thobiome. 

Stress and genotype modulate microbial interactions 

Rec ent experiment al evidenc e r efines this pic tur e. Gastou e t al.
( 2026 ) sho w ed tha t int ense summer dr ought w as associa t ed with
a pronounc ed c ollapse in Asc omyc ot a div er sity in healthy trunk
wood and a c onc omit ant increase in wood p a thog ens, even in
the absence of foliar symptoms. Beyond global network proper-
ties, corr elation analyses indic ate that pathogen-pathogen and
p a thog en-endophyt e int erac tions ar e modula t ed by g enotype and
r e gion. SparCC analysis by Azevedo-Nogueira et al. ( 2025 ) revealed
that esc a-r elated genera display both cooperative and antagonis-
tic interactions, which may switch between competition and fa-
cilitation depending on cultivar, vine age or r oot stock. A num-
ber of endophytic fungi repe a t edly displayed nega tive correla-
tions with trunk p a thog ens, pointing t o their potential value for
biocontrol. 

Dysbiosis as network reconfiguration rather than 

div er sity loss 

Overall, dysbiosis in esca is not merely a reduction in div er sity but
a pr of ound r econfigura tion of int erac tion ne tworks, whose topol-
ogy is shaped by host genotype and environment al c ontext. Within
this dysbiotic microbiome, the functional activation of F. mediter-
r anea , charac teriz ed by virulence gene upr e gulation, r epr esent s
the critical transition that triggers symptom expression, suggest-
ing that dysbiosis provides the ecological context enabling key-
st one p a thog en activity ra ther than dir ec tly c ausing symptoms.
This view highlights that assessments of disease progression and
microbiome-guided management must integrate information on
community ar chitec tur e and micr obial interac tions, moving be-
yond taxonomic inventories alone. 
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Figure 2 Multi-omics evidence supporting the p a thobiome p ar adigm in gr apevine esc a. (A) Community struc tur e (me tabar coding/me tagenomics). 

Sympt oma tic vines typically show p a thog en-biased, low-diversity microbiomes compared with more div er se communities in asympt oma tic vines. Bars 

are schematic and illustrate the qualitative pattern of dysbiosis using approximate groupings from Bruez et al. (2020) (p a thog enic Asc omyc ot a, 

endophytic Asc omyc ot a, Basidiomyc ot a, Bac teria). R eport ed Shannon indices: 0.97 (whit e-r ot necr otic tissue) vs 2.77 (non-necr otic tissue). (B) 

Community activity (meta transcript omics). Sympt om expression is associa t ed with strong activation of wood-decay/virulence functions, including high 

expression of carbohydra t e-activ e enz ymes (CAZymes g enes) and oxida tiv e enz ymes in w ood-decay basidiomy cetes (e.g. F. mediterranea ), alongside 

activation of host defence p a thways (e.g. PR proteins, WRKY-rela t ed responses) (Morales-Cruz et al. 2018a , Nerva et al. 2022 , Chambard et al. 2025 ). Bars 

summarize published log 2 fold-change trends across major functional ca t eg ories (schema tic synthesis; not a de novo r e-analysis). (C) Biochemic al niche 

r estruc turing (me tabolomics/wood chemistry). Sympt oma tic vines show accumula tion of def ence-r ela t ed metabolit es (stilbenes, flavonoids, phenolics) 

and shifts in primary metabolism (Lima et al. 2017 , Dell’Acqua et al. 2025a , Gastou et al. 2025a , b ). Wood chemical traits correla t e with susceptibility and 

wood decay (e.g. ex tr actives vs susceptibility; hemicellulose vs white-rot proportion), supporting wood biochemistry as a key determinant of outcome 

(Gastou et al. 2025a ). (D) Systemic r e gulation and “memory” (epigenomics). Esca expression is associa t ed with differential DNA methylation patterns in 

leaves, including predominantly hypomethyla t ed regions in sympt oma tic tissue and systemic methylation changes de tec table beyond symptomatic 

leaves, yielding candidate epigenetic signatures associated with symptom r ecurr ence or predisposition (Berger et al. 2025 ). Stacked bars depict 

proportions of differentially methyla t ed regions across plant statuses (schematic). Abbreviations: CAZymes, c arbohydrate-ac tiv e enz ymes; DEG, 

differ entially expr essed gene; DMR, differ entially me thyla t ed r e gion; PR, p a thog enesis-rela t ed. 
Abiotic stress, holobiont imbalance, 
and woody decline syndromes 

The dr ought-esc a paradox and la t ent 

inf ec tions 

Among the environmental driv er s implica t ed in esca, drought has 
received the most research a tt ention due t o its p aradoxical ef - 
f ec t s and it s central r ole in the esca disease triangle (Fischer and 

Peighami-Ashnaei 2019 ). Ho w ev er, other factor s, including tem- 

per ature ex tremes, soil properties, nutrient availability, and their
interac tions, r emain understudied and may be equally or more
important in shaping disease outcomes (Dell’Acqua et al. 2025a ,
Monod et al. 2025b , Etienne et al. 2026 ). Modera t e t o sever e w a-
ter deficit can markedly suppress foliar symptoms in previously
sympt oma tic vines (Bort olami et al. 2021a , Calvo-Garrido et al.
2021 ). Lo w er tr anspir ation r estric t s sap mo v ement and may limit
the systemic transport of metabolites or signalling compounds
r equir ed f or sympt om development (Bort olami et al. 2021a ,
2023 ), which is broadly consistent with models proposing the
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nv olv ement of long-dist anc e chemical signalling (Andolfi et al. 
011 , Claverie et al. 2020 ). 

At the same time, drought imposes strong ecological stress on 

he wood microbiome. Wa t er deficit often reduces fungal div er sity 
nd shifts communities toward simpler, p a thotroph-enriched as- 
emblag es domina t ed by opportunistic species (Le al et al. 2024a , 
onod et al. 2025a ). Despite the variety of approaches used, 

he r esult s conver g e on the same p a tt ern: multi-omics analyses 
ho w ed that dr ought favour ed P. chlamydospor a ac tivity, wher eas 
. mediterr anea ac tivity r emained lar g ely unchang ed (Chamb ard 

 t al. 2025 ); gr eenhouse and field experiment s on young vines r e- 
e aled tha t int ense wa t er stress incre ased P. chlamydospora col- 
nization and necrosis, ac c elerating vine decline in some cases 

Hryc an e t al. 2025 ); and long-term gr eenhouse trials f ound r e- 
uced microbial div er sity and enrichment of P. chlamy dospora in 

he xylem of dr ought-str essed plant s (Leal e t al. 2024a ). This selec- 
iv e response, P. chlamy dospora upregulation without F. mediter- 
 anea ac tivation, helps explain why dr ought-induced micr obiome 
hifts do not predict subsequent foliar symptom expression (Gas- 
ou et al. 2026 , Dell’Acqua et al. 2025b ). 

Drought also affects wood s tructure, mois ture content and re- 
ource availability in ways that can favour the expansion of la- 
ent fungi (Pouz oule t e t al. 2014 , 2017 , Ouadi et al. 2019 , 2020 ). 

hile anec dot al observa tions have sugg est ed tha t sympt oms may 
e appe ar after dr ought str ess is r elieved (Lecomte e t al. 2012 ), ev- 
dence for a consistent post–drought increase in incidence has 
ot been report ed consist ently (Gast ou et al. 2025a , Dell’Acqua et 
l. 2025b , Bortolami et al. 2019 , 2021a , 2023 ). Inst e ad, vineyard- 
cale clima tic p a tt erns reve al a differ ent r elationship . U sing tw o 

ecades of data from 493 commercial vineyards, Etienne et al. 
 2026 ) sho w ed that esc a incidence incr eases under we t con- 
itions, particularly when soil wetness and evapotr anspir ation 

r e high. By contrast, w arm and dry springs and summers are 
ssocia t ed with reduced incidence. The climatic conditions of 
he current year had the s tronges t influenc e, and c onsecutive 
 et y ear s amplified symptom expr ession. These findings c aptur e 

he dr ought-esc a paradox: dr ought suppr esses visible symptoms 
ven though la t ent inf ec tions r emain widespr ead, ye t dr ought- 
tressed vines do not exhibit increased symptom expression upon 

ehydration. 
Nutrient availability introduces an additional layer of com- 

lexity. In naturally inf ec ted Sauvignon Blanc vines, nitrogen 

eficiency was associa t ed with lo w er esca incidence compared 

ith modera t e fertiliza tion (Dell’Acqua et al. 2025a ). While ni- 
r ogen str ongly influenced gr owth, photosynthesis and plant 

et abolomes, fungal c ommunity c omposition r emained lar gely 
nchang ed, sugg esting tha t hos t-driven f ac tors such as c anopy 
truc tur e, tr anspir ation and defence pathw ays, c an shape symp- 
om expression independently of pathogen c omposition. Reduc ed 

r anspir a tion and eleva t ed phenylprop anoid synthesis under low 

itrogen align with this pattern. 
In summary, drought and nutrient status can temporarily sup- 

ress symptom expression through reductions in tr anspir ation 

r enhanc ed defenc e responses. Ho w ev er, the relationship be- 
ween stress relief and symptom resurgence remains poorly un- 
erst ood. While modera t e wa t er stress has been associa t ed with 

ncre ased sympt om expression in some field observations (Calvo- 
arrido e t al. 2021 ), sever e experimental dr ought ( �PD ∼ −1.0 
Pa) comple tely inhibit s sympt om development (Bort olami et al. 

021a ). Moreo v er, long-t erm monit oring has not confirmed a con- 

sist ent p a tt ern of incre ased sympt om incidence in ye ars following
dr ought str ess (Gastou e t al. 2026 , Dell’Acqua e t al. 2025b ). Acute
ev ents, including apoplexy, hav e been hypothesiz ed to r eflec t the
combined pr essur es of high evapora tive lo ad, alt er ed micr obial
activity and cumulative vascular dysfunction (Surico et al. 2006 ,
Bortolami et al. 2019 , Claverie et al. 2020 , 2023 ), though the pre-
cise triggers and mechanisms remain unclear. 

Inf ec tion-str ess c ausality: compe ting and 

int egra tive models 

The causal interplay between infection, stress and symptom ex-
pression in esca can be framed through three non-exclusive mod-
els that differ in how they assign primacy t o coloniza tion v er sus
environmental perturb a tion. 

1. Str ess-driven dysbiosis. Abiotic str ess, including dr ought, he a t,
and fluc tuating moistur e, ac t s as the main destabilizing f or ce.
Stress weakens host defences and alters wood chemistry,
which is associa t ed with r educed micr obial div er sity, break-
down of antagonistic interactions and enrichment of oppor-
tunistic fungi already present in the holobiont (Leal et al.
2024a , Despr ez-Loustau e t al. 2006 , Lv et al. 2023 ). This per-
spective echoes the broader GTD framework of Hrycan et al.
( 2020 ), who argued that many trunk pathogens behave as
la t ent endophyt es until envir onmental str ess disrupt s host-
micr obiome equilibrium. R ec ent experiment al work under
drought confirms that trunk endophytic communities can be
str ongly r estruc tur ed, with loss of Asc omyc ot a diversity and
increased abundance of wood p a thog ens even in the absence
of foliar symptoms (Gastou et al. 2026 ). Under this model, colo-
niza tion is widespre ad but remains asympt oma tic until stress
pushes the system beyond a r esilience thr eshold (Be ttenf eld
et al. 2020 , 2022 ). Ho w ev er, current evidence is heavily biased
tow ar d w ater-r elated str essors; o ther abio tic factors (e.g. nu-
trient imbalances, soil pH, heavy metals, salinity) and biotic
str esses (e.g. co-inf ec tion with viruses, nema t odes, or other
p a thog ens; herbivory; r oot compe tition) r emain lar g ely unex -
plored and may pro v e equally or more important in triggering
dysbiosis and symptom expression. 

2. Latent infection with stress activation. Esca-associa t ed fungi
may establish in vines early, either through nursery transmis-
sion or field inf ec tion, and persist f or y ear s without producing
visible symptoms (Monod et al. 2025a , Hofs tet ter et al. 2012 ,
Bruez et al. 2020 ). This raises a fundamental question: should
these fungi be considered “la t ent p a thog ens” tha t inf ec ted
the plant and await activation, or “resident endophytes” that
are natural components of the grapevine holobiont from the
out se t? The evidence support s element s of both perspec-
tiv es. Phaeomoniella chlamy dospor a and Phaeoacr emonium
spp . clearly c an inf ec t thr ough pruning wounds in the field
(Mugnai et al. 1999 , Fischer 2006 , Gramaje et al. 2018 ), yet they
are also ubiquitous in nursery material and asymptomatic
vines acr oss r e gions, cultivars, and age classes (Hofs tet ter et
al. 2012 , Gramaje et al. 2022 , Hrycan et al. 2023 ), suggest-
ing that many vines harbor these fungi as inherited or early-
acquired endophyt es ra ther than as discr e te inf ec tion event s.
From a holobiont per spectiv e, the critical question shifts from
“when did inf ec tion occur?” t o “wha t trigg ers the transition
from benign to pathogenic behavior?” (Hrycan et al. 2020 ,
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Be ttenf eld e t al. 2020 ). Whe ther acquir ed vertic ally or hori- 
z ontally, the func tional outcome is similar: str ess is associ- 
a t ed with increased fungal metabolism, microbial activity and 

modifies hos t responses, consis t ent with transcript omic and 

me tabolomic shifts observed in natural inf ec tions (Morales- 
Cruz et al. 2018b , Pouzoulet et al. 2014 , 2017 , Ouadi et al. 2019 , 
2020 , Chambar d e t al. 2025 ). Work on young vine decline (Petri 
disease), while distinct from esca proper in mature vines, pro- 
vides r elevant insight s into P. chlamydospor a behaviour un- 
der str ess: w a t er str ess incr eased P. chlamydospor a abundance 
and necrosis and, in some cases, led to collapse, but without 
guarant eeing sympt om expr ession (Hryc an e t al. 2025 ). This 
p a tt ern, stress-driven fungal proliferation without determinis- 
tic symptom outcomes, appears conserved across both young 
vine decline and esca proper, reinforcing that fungal presence, 
whe ther fr om external inf ec tion or inherited endophytism, 
and stress do not transla t e line arly int o visible symptoms. 
Import antly, this c onc eptual ambiguity has prac tic al implic a- 
tions: if esca-associa t ed fungi are integral microbiome compo- 
nent s, eradic ation-f ocused stra t e gies ar e unlikely to suc c eed, 
and management must inst e ad prioritize holobiont stability 
thr ough str ess mitigation and micr obiome support. 

3. Int egrat ed feedback model. Increasing evidence supports a 
dynamic feedback model in which infection and stress re- 
inf or ce each other. Episodic str esses (e.g. dr ought, pruning 
wounds, fr ost) ar e associa t ed with pr ogr essive shifts in micr o- 
biome composition, host physiology and wood struc tur e to- 
w ar d sta t es tha t correla t e with enhanced fungal activity and 

r educed r esilience (Despr ez-Loustau e t al. 2006 , Be ttenf eld e t 
al. 2020 , 2022 , Del Frari et al. 2023 ). Accumula t ed vascular and 

met abolic disturbanc es then amplify vulnerability to subse- 
quent str ess, pr oducing non-linear trajec t ories of sympt om 

onse t, r emission or collapse (Monod et al. 2025b , Lecomte 
et al. 2012 , Calvo-Garrido et al. 2021 , 2024 ). Within this feed- 
back framew ork, P. chlamy dospor a and F. mediterr anea play 
distinct but c omplement ary roles: stress-driven proliferation 

of P. chlamydospor a pr ogr essively impairs vascular function 

and destabilizes the microbiome (Leal et al. 2024a , Hrycan et 
al. 2025 ), cre a ting conditions that may facilita t e F. mediter- 
r anea ac tivity, whose virulence gene upr e gulation is strongly 
associa t ed with foliar symptom expression (Chambard et al. 
2025 ). R esult s fr om Hryc an e t al. ( 2025 ), wher e w a t er stress 
increased mortality in vines infected with P. chlamydospora , 
fit this framework by illustrating how inf ec tion and str ess co- 
escala t e ra ther than acting independently. Ho w ev er, the pre- 
cise mechanisms linking P. chlamy dospora -driv en w ood dys- 
func tion to F. mediterr anea ac tivation r emain unclear, r epr e- 
senting a critical knowledge gap in understanding symptom 

expression. 

Ov erall, the conv ergent evidence throughout this Re vie w 

str ongly support s the inte grated f eedback model as the most co- 
her ent framework f or understanding esc a dynamics. Multi-omics 
data strongly support this integrative model, showing that micro- 
bial gene expression, host transcriptomic profiles, and metabo- 
lit e signa tur es differ markedly be tween dr ought str ess and esc a 
symptom expression (Morales-Cruz et al. 2018b , Leal et al. 2024a , 
Chambar d e t al. 2025 ). E cologic al models of p a thog en emerg ence 
also highlight the roles of microbial coopera tion, int erking dom 

signalling and context-dependent shifts in microbial behaviour 

(Lv et al. 2023 ). Appreciating these feedbacks is crucial for build-
ing pr edic tive disease models and devising effec tive management
stra t egies. 

Tow ar ds a holistic, multi-stage 

model of esca disease 

Dissociating wood necrosis from foliar 

symptom expression 

A critic al distinc tion emer ging fr om r ecent multi-omics and lon-
gitudinal studies is that processes driving wood necrosis, partic-
ularly black necroses associa t ed with P. chlamydospora , may be
largely decoupled from those driving foliar symptom expression
(Gastou et al. 2026 , Chambard et al. 2025 ). Across a large panel
of cultivars, black necrosis extent does not correla t e with foliar
symptom expr ession, wher eas white rot extent does (Gastou et
al. 2025a ), r einf or cing that P. chlamydospor a -driven black necr o-
sis and F. mediterranea -driven white rot represent functionally dis-
tinct p a thobiome sta t es with differ ent r ela tionships t o sympt om
development. 

B y contrast, foliar sympt om expr ession is str ongly associa t ed
with F. mediterranea activity and white rot development (Gastou
et al. 2025a , Maher et al. 2012 , Del Frari et al. 2021 , Chambard
et al. 2025 ). Meta transcript omic da ta show that F. mediterranea
virulence genes, including CAZymes, peroxidases, and de toxific a-
tion p a thw ays, ar e specific ally upr e gula t ed in sympt oma tic vines,
wher eas P. chlamydospor a virulence is eleva t ed under drought
but not necessarily during symptom expression (Chambard et al.
2025 ). Paradoxic ally, esc a-sympt oma tic vines may even display
enhanced drought tolerance due to reduced canopy area and
lo w er whole-plant tr anspir ation (Dell’Acqua et al. 2025b ), further
supporting an antagonistic rather than syner gistic r elationship be-
tween drought and esca foliar symptoms. 

These findings indica t e tha t drought-driven dysbiosis (enrich-
ment of P. chlamydospora , black necrosis) and esca foliar symp-
tom expression (driven by F. mediterranea , white rot) represent
partially independent pathobiome states. The temporal model be-
low int egra t es this distinction. 

A temporal, multi-phase framework 

Synthesizing current evidence, esca can be c onc eptualized as
a multi-st age, c ontext-dependent proc ess rather than a lin-
ear inf ec tion-symptom sequence (Despr ez-Loustau e t al. 2006 ,
Lecomte et al. 2012 , 2024 ). A heuristic framework includes the fol-
lo wing o v erlapping phases: 

Phase I: Latent colonization and microbial establishment 
(Fig. 3 , green zone). 
Trunk p a thog ens and other endophyt es colonize wood via 
nursery inf ec tions, pruning wounds or natural openings 
(Gramaje et al. 2018 ). During this s tage, hos t defences 
and ana t omical comp artmentaliza tion limit p a thog en spre ad 

(Pouz oule t e t al. 2017 ), and the micr obiome r emains r ela- 
tively stable. This phase can persist for many years with- 
out visible symptoms. As summarized in Table 1 , strong 
observational support for this la t ent stag e comes from 

me tabar coding surveys (Bruez et al. 2020 , Gramaje et al. 
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Figure 3 A temporal, multi-phase framework for grapevine esca p a thobiome dynamics. Esca is represented as a non–linear, multi–phase trajectory of 

the trunk p a thobiome across time since colonization ( x –axis), with the y –axis indicating a shift from holobiont stability to dysbiosis. Colored 

back gr ounds indic ate phase–specific states; gray bo x es deno te str ess event s tha t may trigg er transitions. Solid line indica t es a decline trajectory; dashed 

line indica t es p artial reco v er y. Timelines var y by cultivar, environment , and management . Phase I (La t ent coloniza tion / stable holobiont): high microbial 

div er sity and balanced interactions with limited functional disruption. Phase II (stress–induced destabilization): abiotic stress (e.g. drought, he a t) can 

reduce div er sity and w eaken hos t defences, f avouring s tr ess–r esponsive tax a, including incr eased abundance/ac tivity of P. chlamydospor a and 

associa t ed black necrosis proc esses. Import antly, longitudinal evidenc e indica t es tha t drought–driven enrichment of P. chlamydospora and rela t ed shifts 

do not reliably predict subsequent foliar symptom incidence (Bortolami et al. 2021a ; Gastou et al. 2026 ; Dell’Acqua et al. 2025b ). Phase III (Functional 

r epr ogramming / decay activation): progression toward symptom–linked states is contingent on activation of wood–decay basidiomycetes (e.g. F. 
mediterranea or functionally similar taxa), with increased expression of decay/virulence p a thways (e.g. CAZymes, oxidative enzymes) and advancing 

white rot (Chambard et al. 2025 ). Phase IV (Symptom expression): tiger–stripe foliar symptoms and/or apoplexy emerge when physiological thresholds 

ar e cr ossed under conducive envir onment al c onditions, r eflec ting combined effec t s of micr obial ac tivity, vascular dysfunc tion, and host r esponses 

(c onc eptual; mechanisms remain deb a t ed). Phase V (Divergent outcomes): vines may partially reco v er (e.g. via rest ora tion of hydraulic function and 

manag ement–media t ed stabiliza tion) or ent er chronic decline. 
2022 ), although the processes maintaining long-term latency 
remain unclear. 

Phase II: Stress-induced holobiont destabilization (Fig. 3 , or- 
ange zone). 
R ecurr ent or intense abiotic stress (drought, he a t or res tric - 
tive soils) disrupts host homeostasis and reshapes the inter- 
nal microbiome. Div er sity declines, antag onistic int eractions 
weaken and opportunistic or stress-tolerant fungi increase 
in relative abundance (Gastou et al. 2026 ). These shifts oc- 
cur alongside compromised host defences (Bortolami et al. 
2021a , Chambar d e t al. 2025 ) and str ess-media t ed chang es 
in wood chemistry (Pouz oule t e t al. 2014 , 2017 , Ouadi et al. 
2019 , 2020 ) that favour pathogen activity. Table 1 indica t es 
that this phase has the s tronges t experimental basis, with 

drought manipulation studies providing partial causal evi- 
dence (Gastou et al. 2026 ). In Fig. 3 , this transition is shown 

as being triggered by episodic stress events such as he a t 
waves or pruning injuries. Import antly, rec ent longitudinal 
studies reveal that stress-driven microbiome shifts, particu- 
larly increased P. chlamydospora abundance under drought, 

do not necessarily pr edic t subsequent f oliar symptom expr es- 
sion (Bortolami et al. 2021a , Gastou et al. 2026 , Dell’Acqua et 
al. 2025b ). This sugg ests tha t Phase II dysbiosis may r epr esent 
a predisposing context, but it is not sufficient and is not con- 
sistently pr edic tive of f oliar symptom expr ession; pr ogr ession 

depends on additional triggers, including the functional ac- 
tivation of wood–decay basidiomycetes such as F. mediter- 
r anea (Chambar d e t al. 2025 ). 

Phase III: Functional r epr ogr amming and dysbiosis (Fig. 3 , dark 
orange zone). 
As dysbiosis se t s in, fungal communities shift from coex- 
ist ence t o activ e w ood dec ay. Virulence fac tors, CAZymes 
and secondary metabolism p a thways become upr e gula t ed 

(Morales-Cruz e t al. 2018a ,b , Chambar d e t al. 2025 ), as illus- 
tra t ed in Fig. 2 B. Correspondingly, host metabolism changes: 
stilbenes, phenolics and other defenc e c ompounds ac cumu- 
la t e and reshape the wood environment (Fig. 2 C). Early vascu- 
lar dysfunction also appears during this phase, including re- 
duc ed hydraulic c onductivity and initial vessel oc clusion (Bor- 
tolami et al. 2019 , 2021a ). Table 1 notes that transcriptomic 



11 FEMS Microbiology Ecology , 2026, Volume 102, Issue 4 

Table 1 Evidence summary for temporal multi-phase model components. 
evidence for this functional reprogramming is strong and re- 
pr oducible, though dir ec t c ausal test s (e.g. gene disruption) 
are still lacking. 

Phase IV: Symptom expression and functional thresholds 
(Fig. 3 , red zone). 
F oliar sympt oms arise once key physiological thresholds are 
crossed. Their appearance reflects the combined impact of 
fungal activity (toxins, enzymes), vascular impairment (hy- 
draulic decline, vessel block age), and envir onmental triggers 
such as he a t or high evaporative demand (Lecomte et al. 2012 , 
Bortolami et al. 2019 , Claverie et al. 2020 , 2021a , Del Frari et 
al. 2022 ). Acut e tig er-stripe sympt oms often coincide with pe- 
riods of high tr anspir a tion, where as chronic symptoms sig- 
nal long-term hydraulic decline. Ac c ording to Table 1 , symp- 
t om p a tt erns are well document ed, but the underlying mech- 
anisms remain deb a t ed: both t oxin-b ased and hydraulic hy- 
potheses have modera t e support, y et neither is conclusiv ely 
demonstra t ed. 

Phase V: Chr onicity, r ecovery or collapse (Fig. 3 , divergent path- 
ways). 
After sympt om onse t, vines may f ollow differ ent trajec to- 
ries: pr ogr essive decline (solid line in Fig. 3 ), partial reco v ery 
(dashed line) or sudden c ollapse (apoplexy). Rec o v ery typi- 
cally depends on s tress relief, re-es tablishment of holobiont 
stability and cultivar-specific r esilience. R ecent evidence in- 
dica t es tha t vines r e tain a c ap acity t o r e g enera t e functional 
xylem vessels even after hydraulic disrup tion: symp t oma tic 
stems show increased density of non-occluded vessels in the 
outermos t (mos t recent) xylem tissue, often with smaller, hy- 
draulic ally saf er vessel diame t ers, enabling p artial compen- 
sation for vascular dysfunction (Dell’Acqua et al. 2024 ). In con- 
trast, r ecurr ent symptoms and vascular dysfunction may lock 
vines into chronic decline. Table 1 shows that this phase is 
supported mainly by longitudinal field observations; how- 

ever, the mechanisms governing recovery or long-term col- 
lapse remain poorly resolved. 

The temporal model depicted in Fig. 3 emphasizes that esca
is not a linear pr ogr ession fr om inf ec tion t o dise ase, but ra ther
emer ges thr ough long-term f eedbacks be tween colonization his-
tory, micr obiome r estruc turing and hos t s tress physiology. The
model g enera t es t estable pr edic tions f or each phase transition, as
detailed in Table 1 , including specific experiments needed to es-
tablish causality for currently correlative relationships. 

Tes t able pr edic tions f or 

micr obiome-inf ormed disease ecology 

The holistic model pr oposed her e g enera t es several t estable pre-
dic tions that c an guide futur e work on esc a. One expec tation is
that vines which later develop symptoms should already show
early signs of dysbiosis—lo w er microbial div er sity, simplified co-
oc currenc e networks and a shift tow ar d p a thotroph dominance—
well bef or e any visual expression (Leal et al. 2024a , Monod et al.
2025a , Bruez et al. 2020 ). It also follows that practices which mit-
iga t e environmental stress, such as targ et ed irriga tion t o avoid
sever e dr ought str ess, c anopy shading to reduce evaporative de-
mand, or soil management to impro v e nutrient availability and
root health, should reduce the likelihood of transitions from la-
t ency t o destabiliza tion and sympt om onse t, even in vines alr eady
coloniz ed by esc a-associa t ed fungi (Bort olami et al. 2021a , Calvo-
Garrido et al. 2021 , Lecomte et al. 2024 ). A third prediction is
that effec tive biocontr ol should not only suppr ess p a thog en abun-
dance but also favour the re-establishment of more complex and
modular microbial networks enriched in antagonistic taxa (Leal et
al. 2024a , Niem et al. 2020 , Bettenfeld et al. 2022 ). 

Host genotype plays a key role, though recent multi-omics
analyses across div er se cultivar s rev e al tha t varie tal differ ences
in esca susceptibility are driven primarily by wood biochemical
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omposition, particularly ex tr active and hemic ellulose c ontent, 
ather than by constitutive ana t omic al trait s or micr obiome com- 
osition ( Gastou et al. 2026 b , c ). Cultivars with higher ex tr ac- 

ive content and lower hemicellulose proportions display reduced 

sca incidence and whit e-rot necrosis, sugg esting tha t wood 

hemistry dir ec tly influences p a thog en establishment and activ- 
ty (Gastou et al. 2025a ). Moreo v er, susceptible cultivar s exhibit 
tr onger me tabolic r esponses to esc a, including eleva t ed accu- 

ulation of phenylpropanoids, terpenes, and lipids (Gastou et 
l. 2025b ). While earlier studies suggested that cultivars capable 
f maint aining st able microbiomes and vascular function under 
tress might display lo w er esca incidence (Pouzoulet et al. 2017 , 
ekris e t al. 2021 , Az evedo-Nogueira e t al. 2025 ), the recent ev- 

dence indica t es tha t wood chemis try and v ascular r e g enera tion 

apacity (Dell’Acqua et al. 2024 ) are strong er det erminants of dis- 
 ase out comes than microbiome stability per se. Genetic mapping 
ay help identify loci inv olv ed in ex tr active biosynthesis, hemicel- 

ulose r e gulation, and trait s supporting holobiont stability (Van- 
enkoornhuyse et al. 2015 ). Finally, int egra t ed omics appro aches, 
 ombining met ag enomics, transcript omics and metabolomics, 
hould allow discrimination among disease phases, enabling the 
evelopment of diagnostic markers for early detection and risk 
 or ec asting (Morales-Cruz e t al. 2018b , Monod e t al. 2025b , Mas- 
onne t e t al. 2018 , Az evedo-Nogueira e t al. 2022 , Chambar d e t 
l. 2025 ). Confirming these pr edic tions would help move esca re- 
earch beyond descriptive p a thog en surveys t ow ar d a more pre- 
ictive, mechanistic disease ecology (Desprez-Loustau et al. 2006 , 
ecomte et al. 2024 ). 

mplic ations f or management and 

utur e r esear ch 

rom pa thog en eradica tion t o holobiont 

anagement 

he p a thobiome-holobiont per spectiv e c alls f or r eorienting esc a 
anagement beyond attempts to eliminate individual pathogens. 

lassic al prac tices such as sanitation and pruning-wound protec- 
ion (Gramaje et al. 2018 ) help limit new inf ec tions but do not 
ddress the ecological imb alance tha t underlies disease develop- 
ent (Despr ez-Loustau e t al. 2006 , Be ttenf eld e t al. 2020 , 2022 ). 

n this context, Table 2 outlines an integrated management frame- 
ork that links preventive me asures, monit oring t ools and inter- 

ention stra t egies t o differ ent vineyar d stages. 

tress mitigation 

biotic stress plays a central role in holobiont destabilization. Al- 
hough wa t er deficit may t emporarily suppr ess f oliar symptoms, 
t also promotes trunk-wood dysbiosis by reducing fungal diver- 
ity and favouring trunk p a thog ens (Le al et al. 2024a , Gast ou et al. 
026 ). Practices that modera t e hydraulic stress (e.g. targ et ed irri- 
ation during periods of high evaporative demand, soil manage- 
ent that impro v es root function and buffering capacity against 

xtr eme w a t er deficit s, while avoiding pr olonged w a t erlogging, or 
anopy cooling) help stabilize both host hydraulics and the en- 
ophytic microbiome (Bortolami et al. 2021a , Calvo-Garrido et al. 
021 ). Dell’Acqua et al. ( 2025a ) further sho w ed tha t nitrog en de- 

iciency r educed esc a incidenc e without altering fungal c ommu- 
ity composition, suggesting that host-driven shifts in tr anspir a- 

tion, morphology and phenylpropanoid accumulation can modu-
la t e sympt om expression independently of p a thog en abundance.

Microbiome support and manipulation 

Strengthening beneficial microbial assemblages can enhance
holobiont resilience. Endophytic communities provide growth-
pr omoting and def ence-r ela t ed functions, including hormone
modulation, antioxidant ac tivity, A CC deaminase pr oduc tion, V OC
signalling and immune priming, that help buffer vines against
stress (Pacifico et al. 2019 ). Biocontrol agents such as Trichoderma
spp. or beneficial b act eria show variable performance depend-
ing on environment and microbial context (Pertot et al. 2016 ,
Berbe gal e t al. 2020 , Bigot e t al. 2020 , Niem e t al. 2020 , Visagie
et al. 2023 , Leal and Gramaje 2024 , Leal et al. 2024b , Abar quer o
e t al. 2025 ). Ne twork analyses r eve al consist ent nega tive associa-
tions between c ert ain endophyt es and trunk p a thog ens (Azevedo-
Nogueira et al. 2025 ), reinforcing the value of management stra t e-
gies that maintain or r estor e div er se, modular and func tionally r e-
dundant communities. 

Hos t-oriented s trategies 

Rec ent multi-omics evidenc e indica t es tha t cultivar selection
should prioritize wood biochemical composition, particularly
high ex tr activ e content and lo w hemicellulose proportions, as
these traits appear to be stronger de terminant s of esc a suscep-
tibility than vessel ana t omy or microbiome composition alone
( Gastou et al. 2026 b , c ). Similar p a tt erns emerg e in Eutyp a
dieback, wher e cultivar r esist anc e is associa t ed with specific phe-
nolic profiles (stilbenoids vs. proanthocyanidins) rather than to-
tal phenolic content (Sinclair et al. 2025 ), suggesting that wood
chemical composition may be a common determinant of suscep-
tibility across grapevine trunk diseases. C ultivar-r oot stock com-
bina tions tha t support vascular r e g enera tion cap acity follow-
ing hydraulic disruption may also enhanc e rec o v ery potential
(Dell’Acqua et al. 2024 ). While stable microbiomes and resilient
hydr aulic tr ait s r emain r elevant under clima t e str ess (Pouz oule t
e t al. 2017 , Az evedo-Nogueira e t al. 2025 ), br eeding and selec tion
programs should prioritize wood chemical traits that directly limit
p a thog en activity. Nursery practices also remain critical for mini-
mizing early colonization while supporting beneficial endophytes
(Gramaje and Armengol 2011 ). 

Alt og e ther, these insight s shift the emphasis from eliminat-
ing p a thog ens t o maint aining holobiont st ability and resilienc e
(Vandenkoornhuyse e t al. 2015 , Be ttenf eld e t al. 2020 ). The re-
pe a t ed observa tion tha t sympt om expr ession c an be decoupled
from p a thog en abundance, whe ther under dr ought or nitr ogen
deficiency, highlights that durable management must tar ge t holo-
biont function rather than pathogen presence alone. 

R esear ch priorities in the era of 

multi-omics and clima t e chang e 

Several priorities emerge from this ecological rec onc eptualization
of esca: 

(i) Mechanistic integration of omics and physiology. Future stud-
ies should int egra t e metag enomics, meta transcript omics,
me tabolomics, and de tailed plant hydraulic/physiologic al
measur ement s on the same vines (Morales-Cruz et al. 2018b ,
Leal e t al. 2024a , Massonne t e t al. 2018 , Chambar d e t al. 2025 ,
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Table 2 Int egra t ed manag ement framework f or esc a disease. 

Phase Vineyard age 

Primary 

stra t egy Specific actions Evidence level 

PREVENTIVE NurseryYoung 
(1–5 y ear s) 

Minimize colo- 
nizationEarly 
de tec tion 

� Cleaning of nursery compartments 
� Dips for cuttings in chemicals/BCA 

� Certified low-pthogen nursery stock 
� Molecular diagnostics (qPCR, ddPCR, NGS) 
� Wound pr otec tant s 
� Av oid o v er cr opping 

Modera t e 

MONITORING Established 

(5 + y ear s) 
Early de tec tion 

� Wound pr otec tant s 
� Annual symptom surveys 
� Micr obiome pr ofiling f or dysbiosis 
� Remote sensing (multispectral, thermal) 
� Pr ecision viticultur e platf orms 

Modera t e/emerging 

INTERVENTION Sympt oma tic 
or high-risk 

Holobiont 
stabilization 

� Supplement irrigation during stress 
� Canopy management 
� Trunk surgery (valuable vines only) 
� C ur e ttage 
� R emoval/r eplanting (sever e c ases) 

Variable 

ADAPTIVE All ages Continous 
impro v ement 

� Evalua t e int ervention effec tivenness 
� Adjust based on climate/disease pr essur e 
� R e gional monitoring networks 
� Knowledge sharing 

Ongoing 
Hryc an e t al. 2025 ). Multi-omic int egra tion is crucial to dis- 
ent angle abundanc e, ac tivity, and func tional impac t (Gastou 

et al. 2026 ). 
(ii) Longitudinal and experimental designs. Disease expression de- 

pends on temporal dynamics, including stress exposure, mi- 
cr obial ac tivity, and host r esponses. Long-t erm monit oring 
of vineyards, combined with experimental manipulations of 
drought, he a t, and co-inf ec tions, will be essential to c aptur e 
transitions between la t ent, chronic, and apoplectic phases 
(Bortolami et al. 2021a , Monod et al. 2025b , Lecomte et al. 
2012 , 2024 ). 

(iii) Microbiome-based diagnostics and forecasting. Diagnostic 
markers based on community struc tur e, dysbiosis indic a t ors 
or network architectures could enable early detection of holo- 
biont destabilization (Monod et al. 2025a , Bruez et al. 2020 , 
Bekris e t al. 2021 , Az evedo-Nogueira e t al. 2022 ). Inte grating 
these markers with clima t e and soil data may impro v e risk 
f or ec asting under clima t e chang e. 

(iv) Ec ologic al foundations of biocontrol. To impro v e biocontrol ef- 
fic acy, r esear ch must clarify how intr oduced agent s inte grate 
into existing micr obial ne tw orks, ho w competitiv e or mutual- 
istic interactions shift across regions and cultivars, and how 

envir onmental str ess modula t es these int erac tions (Niem e t 
al. 2020 , Be ttenf eld e t al. 2022 , Lv e t al. 2023 ). Findings fr om 

Az evedo-Nogueira e t al. ( 2025 ) showing r e gion- and genotype- 
dependent p a thog en-endophyt e correla tions pr ovide a f oun- 
dation for context-specific biocontrol design. 

(v) Holobiont-inf ormed br eeding. Br eeding pr ograms should in- 
corpora t e traits rela t ed t o micr obiome assembly, ne twork 
st ability, endophytic c oloniza tion p a tt erns, and dr ought r e- 
silience, alongside classical resist anc e traits (Vandenkoorn- 
huyse e t al. 2015 , Pouz oule t e t al. 2017 ). Genotypes showing 
stable trunk micr obiomes acr oss contrasting envir onment s 
may be better adapted to future climatic variability. 

(vi) Broadening the stress landscape. Most experimental work has
f ocused on dr ought and t empera tur e str ess. Futur e r esear ch
should syst ema tically evalua t e o ther abio tic (nutrient imbal-
ances, soil chemistry, salinity) and biotic (viral co-inf ec tions,
nema t odes, root p a thog ens) stressor s, as w ell as their syner-
gistic int eractions, t o det ermine which fact ors are most critical
in triggering holobiont destabilization and symptom expres- 
sion across div er se viticultural contexts. 

Clima t e chang e will int ensify envir onmental pr essur es and
likely exacerb a t e trunk dise ase dynamics, though effec t s will differ
among fungal species with contrasting biology (Desprez-Loustau 

e t al. 2006 ). Dr ought intensific ation may favour str ess-r esponsive
asc omyc etes such as P. chlamydospora , driving wood necrosis and
v ascular dysfunction (Gas t ou et al. 2026 , Chamb ard et al. 2025 ),
wher eas incr eased fr equency of we t, w arm periods may pr omote
b asidiomycet e activity, p articularly F. mediterranea , ac c elerating
white-r ot pr ogr ession and f oliar symptom expr ession (Etienne e t
al. 2026 ). The net effect on esca incidence will depend on the bal-
ance between these opposing climatic drivers and their interac-
tion with host genotype and microbiome composition. Adopting
a holobiont-centred appro ach, support ed by multi-omics, ecolog-
ical theory and genotype-environment interactions, is therefore 
both c onc eptually nec essary and prac tic ally ur gent. 

Conclusions and outlook 

Esca continues to challenge a pathogen-centred disease frame-
work. Although c ert ain fungi are c onsist ently associa t ed with
wood necroses (Luque et al. 2009 , Choueiri et al. 2014 , Díaz and
La t orre 2014 , Elena et al. 2018 ), classical inoculations seldom re-
produce the full foliar syndrome (Larignon and Dubos 1997 , Mug-
nai et al. 1999 , Sp arap ano et al. 2000 , 2001 , Gramaje et al. 2010 ).
Multi-omics studies increasingly show that esca arises from shifts
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n micr obial ac tivity , host physiology , and str ess r esponses rather 
han p a thog en pr esence alone (Morales-Cruz e t al. 2018b , Leal e t 
l. 2024a , Massonne t e t al. 2018 , Bruez e t al. 2020 , Chambar d e t al. 
025 ). 

The p a thobiome and holobiont c onc ept s r econcile these p a t- 
erns by framing esca as a stability disorder of the grapevine holo- 
iont (Zilber-R osenber g and R osenber g 2008 , Vayssier-Taussat e t 
l. 2014 , Vandenkoornhuyse et al. 2015 , Bass et al. 2019 ). Stress- 
riven dysbiosis, conditional p a thog enicity, and cumula tive vas- 
ular dysfunc tion interac t o v er time t o g enera t e the int ermitt ent 
nd unpr edic table symptoms typic al of the dise ase (Bort olami 
t al. 2021a , Monod et al. 2025b , Desprez-Loustau et al. 2006 , 
ecomte et al. 2012 , 2023 , 2024 ). This view aligns esca with other 
oody decline syndromes and emphasises shared ecological prin- 

iples such as network stability and host-micr obiota-envir onment 
eedbacks (Spigaglia et al. 2020 , Carluccio et al. 2025 ). 

Manag ement appro aches should ther ef or e prioritiz e holobiont 
 esilience (str ess mitigation, micr obiome-supportive stra t egies 
nd host traits linked to hydraulic and microbial stability) o v er at- 
 empts t o elimina t e individual p a thog ens (Bett enfeld et al. 2022 ). 

ithin this microbiome-oriented per spectiv e, there is particular 
alue in supporting the natural, locally adap ted microbio ta al- 
 eady pr esent in vineyar ds: pr eserving endemic endophyte pools, 

inimizing disruptive practices, and favouring nursery and field 

anag ement tha t transmit and maint ain beneficial local c ommu- 
ities (Giffard et al. 2022 ). Rese arch, in p arallel, must int egra t e lon- 
itudinal designs with multi-omics to disentangle microbial abun- 
ance, activity, and functional impact (Morales-Cruz et al. 2018b , 
assonne t e t al. 2018 ). 
A key limitation, ho w ev er, is that most current evidence re- 

ains correlational. The associations highlighted in this re vie w, 
onnec ting micr obial assemblages, host physiology, environmen- 
 al c onstraint s, and symptom expr ession, ar e compelling but 
ar ely c ausal. Addr essing this gap will r equir e tar ge ted experi- 

entation: (i) microbiome transplantation or synthetic communi- 
ies to test whether pathogen-biased consortia can induce symp- 
oms; (ii) functional disruption of virulence genes in key taxa; (iii) 
ontr olled envir onmental manipula tions p aired with time-series 
ulti-omics to resolve event sequences; and (iv) epigenetic en- 

ineering or chemical modulation of DNA methylation to test 
t s r ole in symptom development (Morales-Cruz et al. 2018b , Lv 
 t al. 2023 , Ber ger e t al. 2025 ). Until such studies become rou- 
ine, the p a thobiome framework should be r e gar ded as a co- 
erent and testable model rather than a complete mechanistic 
xplanation. 

Grapevine, with its genomic resources and tractable experi- 
ental systems, is well suited to advance our understanding of 

ecline syndromes in woody perennials (Deyett and Rolshausen 

020 , Be ttenf eld e t al. 2022 ). Viewing esca as a p a thobiome-driven 

olobiont disorder, and tre a ting this framework as a set of hy- 
otheses to be tested under climate change, offers a more predic- 

ive foundation for future vineyard resilience. 
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