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ABSTRACT

The diseases caused by the xylem-inhabiting bacterium Xylella fastidiosa (Xf) are considered a consequence of the drastic reduc-
tion in water flow that this endophyte causes in some of its hosts. To date, within the EU, Xf has been found infecting several
taxa that are common members of the Mediterranean maquis, a resource-poor environment with very hot and dry summers. To
adapt, native plants possess several means to cope with water paucity and derived gas voids, including a high density of small
lumen vessels in the wood. We describe for the first time the anatomy of the anisohydric shrub Rhamnus alaternus spontaneously
growing within the Xf demarcated area of Monte Argentario (Italy), when naturally infected by X. fastidiosa subsp. multiplex
(Xfm) ST87. By comparing infected plants using quantitative PCR and histological analyses, we could not find a clear relation-
ship between the symptoms of scattered leaf chlorosis, premature leaf drop and branch dieback, and the presence and abundance
of ST87 in branches, or the fraction of occluded vessels (p > 0.05). In contrast, in leaves, there was a highly significant relationship
(p<0.001) between the presence of ST87 in their midribs and chlorosis of their lamina. We observed here that this host accumu-
lates phenolics-rich mucilage inside vessels in a way that appears to be independent from the physical presence of ST87 in their
lumen. Further experiments in a controlled environment are necessary to prove the ability of Xfm ST87 to cause the symptoms
of dehydration that are recurrently observed on R. alaternus at Monte Argentario.

1 | Introduction diseases on economically important crops such as grapevine, olive

and citrus, whereas unpredictably behaving as a benign endo-
Xylella fastidiosa (Xf) is a xylem-limited bacterium transmitted symbiont on many other hosts (Castro et al. 2021). At least four
to plants by xylem sap-feeding insects. Xf can cause destructive major subspecies of Xf have been identified so far: fastidiosa (Xff),
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multiplex (Xfm), sandyi (Xfs) and pauca (Xfp); however, the mech-
anisms of pathogenesis have not been fully elucidated (Rapicavoli
et al. 2018). A long-lasting hypothesis is that the most common,
albeit not unique, symptoms caused by Xf (i.e., leaf scorching at
the early stages of the colonisation process followed by progressive
withering of twigs, limbs and entire branches of hardwood trees)
are caused by a partial or total arrest of the water flow from the
roots to the leaves, which in time causes plant death (Goodwin
et al. 1988). According to this theory, the hydraulic conductivity
reduction is the result of the occlusion of the tracheary elements
by the progressive accumulation of Xf biofilm, host-formed gums
and tyloses and air embolism phenomena in the larger vessels
(Daugherty et al. 2010a; De Benedictis et al. 2017; Deyett et al. 2019;
Pérez-Donoso et al. 2016; Petit et al. 2021). Nevertheless, it has long
been postulated that other mechanisms of disease induction must
be at play (Rapicavoli et al. 2018). As exemplified by the case of
Vitis vinifera ‘Chardonnay’, high and localised concentrations of
Xff cells are not necessary for the induction of severe leaf scorch, at
least when a highly virulent Xff strain is inoculated. Additionally,
Pierce's disease (PD) and severity of dehydration symptoms cor-
relate only in part (Gambetta et al. 2007; Thorne et al. 2006). In
the case of Cabernet Sauvignon grape, water stress effectively
increased the transcription of pathogen-induced genes in Xff-
infected plants, but the overall transcriptional response of nonin-
fected vines to dehydration is clearly different from that induced
by the sole Xff (Choi et al. 2013).

Because the plant's tracheary elements represent the sole phys-
ical and nutritional environment for Xf growth, much research
has been dedicated to determine which biochemical and ana-
tomical differences of the xylem may account for varying de-
grees of susceptibility often displayed by different host genotypes
(different species of the same genus or different cultivars of the
same species). The amount of lignin in the tracheary walls and
the timing of their lignification, the number of tyloses and the
timing of their formation, size and composition of the pit mem-
branes, as well as the diameter of the vessels' lumen, are some
of the factors that have most commonly been thought to account
for tolerance/resistance to Xff or Xfp (Carluccio et al. 2023; Niza
et al. 2015; Petit et al. 2021; Sun et al. 2011). However, our cur-
rent knowledge on the strategies of host colonisation by Xf is
limited, partly because research has been focused mostly on
economically important host species like grapevine or citrus,
and using two highly virulent strains, Xff Temeculal and Xfp
9a5c, in the majority of the experiments (Almeida et al. 2019).
In this view, extending the study of the pathogen's behaviour to
novel Xf genotypes on well known and recently discovered hosts
could help improve our understanding of the host colonisation
process and its consequences (Chatelet et al. 2011; Daugherty
et al. 2010a; Walker et al. 2023). To this end, it is of utmost im-
portance to evaluate the effects of host-pathogen interactions
under natural conditions. Indeed, when testing the pathoge-
nicity of Xfp ST53 on olive and other hosts in Apulia, Italy, the
transition from strictly controlled and constant environmental
conditions (greenhouse) to fluctuating conditions (screenhouse)
resulted in a drastic reduction of Xfp ST53 multiplication and
colonisation rates and, probably as a consequence, of disease
symptom severity even in those olive varieties that under or-
chard conditions are known to be very susceptible to olive quick
decline syndrome (OQDS) (Saponari et al. 2016).

After the first detection of Xfp in Apulia, Italy, in 2013 (Saponari,
D'Attoma, et al. 2019), the extensive surveillance plans deployed
by the European Union have allowed the depiction of an alarming
scenario: the bacterium is also present in other European coun-
tries (France, Spain and Portugal), more than one subspecies
is present in each country, and, with the exception of Portugal,
each subspecies is represented by different phylotypes (multilocus
sequence types, STs; EFSA et al. 2023; EPPO 2019). Moreover,
most likely transported by Philaenus spumarius, P. italosignus or
Neophilaenus campestris (Hemiptera: Cercopidae), the only vec-
tors found in Europe so far, each ST has reached a wide range
of suitable hosts, both cultivated and spontaneous, many of
which were previously unknown (EFSA 2023). This is the case
of Rhamnus alaternus (Mediterranean buckthorn), an evergreen
and dehydration-tolerant shrub typical of the Mediterranean ma-
quis, which is acclimated to sporadic rains in winter, high solar
radiation in summer, and is drought adapted (Gulias et al. 2002).
In particular, the very high frequency of conducting cells and
the small diameter of the vessels are traits of the wood anatomy
that render this species very tolerant to factors that may lower
xylem water transport capacity, such as air emboli that form both
during severe drought as well as in the early stages of Xf infec-
tion (Carluccio et al. 2023; De Micco et al. 2008; Pérez-Donoso
et al. 2016; Petit et al. 2021). R. alaternus has long been known as
a medicinal plant due to the phytochemical and pharmaceutical
compounds found in its different organs, including many pheno-
lics, and has recently gained popularity as an ornamental plant
for landscaping and xerogardening (Franco et al. 2006; Nekkaa
et al. 2021). Within the European Union, R. alaternus has been
found infected by Xff (ST1, Spain), Xfm (ST6, ST81, Spain; ST87,
Italy) and Xfp (ST53, Italy and France) (EFSA et al. 2021, 2023).
Although buckthorn plants infected by Xfp ST53 in Apulia, Italy,
were symptomless (Saponari, Giampetruzzi, et al. 2019), the
abundance of this plant in the Mediterranean basin highlights the
importance of this host as a reservoir of inoculum and, possibly,
as a niche for intra-and intersubspecific homologous recombi-
nation (Nunney et al. 2014). Indeed, surveys carried out by the
Phytosanitary Service of the Tuscany Region since 2018 indicate
that at Monte Argentario (Grosseto, Tuscany, Italy), R. alaternus,
Spartium junceum and Calicotome villosa are the hosts most fre-
quently found infected by Xfm ST87, the only ST found within this
demarcated area to date (Falsini et al. 2022; Marchi et al. 2018;
Roman-Reyna et al. 2021; Saponari, D'Attoma, et al. 2019). Very
recently, the ability of P. spumarius and N. campestris to transmit
Xfm ST87 to R. alaternus has been proven (Nencioni et al. 2024).

By directly comparing naturally infected symptomatic and
pauci-symptomatic plants growing in the maquis of Monte
Argentario, the work presented in this paper aims to elucidate
the extent by which the colonisation process of Xfm ST87 relates
to the major dehydration symptoms displayed by R. alaternus.

2 | Materials and Methods
2.1 | Rhamnus alaternus Sample Collection
In this study, a total of 20 R. alaternus (Ra) plants, hereafter

identified with a capital letter, were analysed (Table 1). Ten
naturally Xf-infected Ra plants (A, B, C, D, F, G, H, I, L, M)
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were spontaneously growing within the Xf-infected zone (iz)
of Monte Argentario (Ma, Grosseto, Tuscany, Italy), a promon-
tory located in the southern part of the region that extends in
the Tyrrhenian Sea (surface of about 60km?, up to 632ma.s.L;
Figure S1). Here the climate is typically Mediterranean, with a
mild winter and a warm and arid summer, and the landscape
is dominated by a typical Mediterranean sclerophyllous-ever-
green forest, in which R. alaternus is one of the characteristic
species of the undergrowth (Viciani et al. 2018). After the first
finding of Xfm ST87 in 2018, the promontory was included in
a demarcated area according to Commission Implementing
Decision (EU) 2015/789 (Tuscany Region 2018). Six non-Xf-
infected plants growing in the buffer zone (bz) of Ma (N, O, P, Q,
R and S), and four plants from the Xf pest-free area (pfa) of the
province of Florence (Fi; Tuscany, Italy) approximately 200 km
away from the demarcated area (E, T, U, V), were also included
in the analysis as naive controls for comparative purposes. The
16 plants growing at Ma were selected based on the results of
the official Xf monitoring programme carried out in 2021 and
2022 (Tuscany Region 2022a, 2023) by the Tuscany Region in
accordance with Regulation (EU) 2020/1201. At each sampling
time, plants were carefully inspected for the presence/absence
of symptoms putatively ascribable to Xf (EPPO 2020). Disease
severity was measured according to the following qualitative
ordinal scale: I, asymptomatic; II, scattered leaf chlorosis only
(slch); 11, slch + premature leaf drop (pld); and IV, slch + pld
and branch dieback (Figure S2). At each sampling time, each
plant was univocally identified with the capital letter followed
by the disease severity score (Plant ID). Branch and/or leaf
specimens were collected in February 2022, October 2022 and
February 2023 (Table 1). Finally, 4-year-old R. alaternus potted
plants were purchased from a nursery in Pistoia (Italy), indexed
for Xf to ensure its absence (Harper et al. 2010), and maintained
at the University of Florence to be used as a source of uninfected
host total nucleic acids (TNAS).

2.2 | Branch Sample Preparation

Branches were arbitrarily selected from each plant during
February and October 2022 (Table 1), removed using 70%
ethanol-disinfested shears, and stored at 5°C for up to 2days
prior to processing. Leaves were then excised from each branch
(b) using a sterile scalpel inside a laminar flow hood, and the
main axis was cut transversely using flame-disinfested shears
to obtain 5cm-long segments (s) numbered progressively ac-
cording to their relative position along the main axis, starting
from the base. Depending on the branch, the number of s ob-
tained varied from a minimum of 4 (s1-s4, B, branch no. 2) to a
maximum of 9 (s1-s9, C, branch no. 2). Each s was then divided
into three transverse sections. Two sections, each approximately
0.5cm thick, were used for histological and immunohistochemi-
cal analysis and quantitative PCR (qPCR) analyses, respectively.
The third section, approximately 4cm thick, was submerged in
99% ethanol, flamed, and used for bacterial isolation (Figure 1).

2.3 | Leaf Sample Preparation

Leaves were arbitrarily selected from the branches collected
during February 2022, October 2022 and February 2023

(Table 1). Each detached leaf was first scored for presence or
absence of chlorosis (ch, chlorotic; n-ch, non-chlorotic). Next,
the lamina was removed, leaving just the petiole (Ip) and the
midrib (Im), using a flame-sterilised scalpel inside a laminar
flow hood. The petiole (length range 0.4-1cm) was excised
and used for histological and immunohistochemical stain-
ing, whereas the midrib (2-5.5cm) was cut transversely in
half. The section proximal to the petiole was used for TNA
extraction, whereas the distal section was used for bacterial
isolations, although this was only occasionally attempted
(Figure 1). Leaves collected in February 2023 were subject to
TNA extraction and qPCR analyses only.

2.4 | TNAs Extractions, qPCR Indexing, Xf
Characterisation and Bacterial Isolation

Leaf midrib (weight range 11-29mg) and branch section (99-
349mg) tissues were crushed in a universal extraction bag
(440100; BIOREBA) using a hammer (Figure 1), and TNAs
were extracted using 1mL of CTAB buffer and the protocol
described by EPPO (2019). All TNA samples were eluted into
50puL 10mM Tris-HCI (pH8) buffer, maintained at 5°C until
analysed and then stored at —20°C. Using a fluorometer (Qubit3;
ThermoFisher Scientific), the average (+SD) concentration of
the DNAs extracted from branch and midrib tissues was es-
timated to be 28.3+4.24 and 20.7+2.96ng/uL, respectively.
DNA amplifiability from each extract was verified using an 18S
rRNA universal TagMan qPCR as described by EPPO (2019).
Screening for the presence of X. fastidiosa subsp. multiplex
(Xfm) was carried out using the XFM-F/XFM-R primers and
the XFM-P TagMan probe developed by Dupas et al. (2019)
using a simplex XfmqPCR approach. Three standard curves
were generated using serial tenfold dilutions (25ng to 2.5fg) of
DNA from Xfm ST87 strain Mal5l1, previously isolated from
R. alaternus at Monte Argentario (Roman-Reyna et al. 2021),
that were amplified in the absence or presence of a constant
amount (25ng) of DNA extracted from branch or leaf midribs
collected from noninfected potted R. alaternus plants. The
derived linear regression equations, determined using Rotor-
Gene Q software v. 2.3.5 (Qiagen), were y=-3.301x+36.929
(R2=0.999; E=1.01), y=—3.386x+38.015 (R2=0.999; E=0.97)
and y=-3.350x+37.984 (R>=0.998; E=0.99), for Mal151 TNAs
alone, amended with branch TNAs, or midribs TNAs, respec-
tively. Evaluation of Xfm concentration in the naturally infected
samples was carried out following Niza et al. (2015) using the
above equations for branches and midribs, respectively. The
detection cut-off was set at C,=33, which, based on the size
(2.4Mb) of the Xfm Mal51 genome (ASM1844909v1), corre-
sponds to approx. 9.5 bacterial cells (25fg DNA).

All TNAs extracted from branch sections or leaf midribs that
had tested negative to the XfmqPCR assay were tested again
with an Xf universal TagMan qPCR (XfqPCR) protocol (Harper
et al. 2010).

In all experiments, the Rotor-Gene Q instrument (Qiagen) and
two technical replicates of each biological sample were used.
gPCRs and thermocycling conditions were as described in the
original papers, with the only exception that the 2x GoTaq Probe
qPCR Master Mix (Promega) was used. Two no-target-template
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TABLE1 | Listof Rhamnus alaternus plants analysed during this study.

No. of organs No. of XfmgPCR- Xylella fastidiosa

1t3 a
sampling analysed positive organs MLST
date Im Im From X.
GPS (month/ From  fastidiosa

Location coordinates year) Plant ID b ch nch b ch n-ch plant isolates®

Ma (iz) 42°23'29.3" N 02/2022 A/IV 3 1 1 1 0 0°  ST87 ND
11°07'29.2" E

Ma (iz) 42°23'28.6" N 02/2022 B/IV 3 1 1 3 1 0 ST87 ST87
11°07'31.4" E

Ma (iz) 42°26'01.2" N 02/2022 C/II 3 0 2 1 0 ST87 ND
11°06'14.9” E

Ma (iz) 42°26'02.9" N 02/2022 D/1IT 3 1 1 3 0 0 ST87 ST87
11°06’15.9” E

Fi (pfa) 43°44'36.0" N 02/2022 E/II 1 0 2 0 0 — ND
11°13'23.0" E

Ma (iz) 42°23'29.3" N 10/2022 A/IV 3 11 13 3 9 1 ST87 ST87
11°07'29.2" E

Fi (pfa) 43°44'36.0" N 10/2022 E/11 1 4 4 0 0 0 ND ND
11°13'23.0" E

Ma (iz) 42°22'35.4" N 02/2023 F/IV 0 7 8 6 0 ST87 ST87
11°11'10.9” E

Ma (iz) 42°25'30.8" N 02/2023 G/1I ke 10 5 0 0 ST87 ND
11°07'49.6" E

Ma (iz) 42°22'09.2" N 02/2023 H/IV 0 10 5 3 0 ST87 ST87
11°0917.4" E

Ma (iz) 42°22'16.4" N 02/2023 I/1IV 0 11 4 6 0 ST87 ND
11°10°00.2" E

Ma (iz) 42°25'52.5" N 02/2023 L/I * 0 15 0 ST87 ND
11°08'16.6” E

Ma (iz) 42°23'00.7" N 02/2023 M/1V 0 8 7 8 0 ST87 ST87
11°08'21.6” E

Ma (bz) 42°28'27.9" N 02/2023 N/III 0 10 5 0 0 ND ND
11°11'23.0" E

Ma (bz) 42°28'32.1" N 02/2023 (0730% 0 8 7 0 0 — ND
11°11'19.2" E

Ma (bz) 42°28'22.2" N 02/2023 P/II1 0 8 7 0 0 ND ND
11°11'20.8" E

Ma (bz) 42°29'04.7" N 02/2023 Q/1IvV 0 10 5 0 0 ND ND
11°11'30.4" E

Ma (bz) 42°28'46.3" N 02/2023 R/1I 0 1 14 0 0 ND ND
11°11'28.5" E

Ma (bz) 42°28'06.8” N 02/2023 S/1II 0 7 8 0 0 — ND
11°11'15.3"” E

Fi (pfa) 43°45'25.6" N 02/2023 T/11 0 10 5 0 0 ND ND
11°23'16.6" E

(Continues)
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TABLE1 | (Continued)
No. of organs No. of XfmqPCR- Xylella fastidiosa
1ti a
sampling analysed positive organs MLST
date Im Im From X.
GPS (month/ From  fastidiosa
Location coordinates year) Plant ID b ch nch b ch n-ch plant isolates®
Fi (pfa) 43°45'25.8" N 02/2023 U/11 0 10 5 0 0 — ND
11°23'16.0" E
Fi (pfa) 43°45'11.9" N 02/2023 V/11 0 10 5 0 0 ND ND
11°2242.1" E
Fi (pfa) 43°44'36.0" N 02/2023 E/I1 0 10 5 0 0 ND ND

11°13'23.0" E

Note: Plants were growing within the X. fastidiosa demarcated zone (iz, infected zone; bz, buffer zone) of Monte Argentario (Ma) or in the X. fastidiosa pest-free area
(pfa) in the province of Florence (Fi), Tuscany, Italy. Sampling was carried out from February 2022 to February 2023. Each plant was univocally identified with a
capital letter, examined for putative X. fastidiosa disease symptoms and rated according to a qualitative ordinal scale: I, no visible symptoms; II, presence of scattered
leaf chlorosis (slch); II1, slch + premature leaf drop (pld); and IV, slch + pld and branch dieback (Plant ID). The presence of X. fastidiosa in the sampled organs was
ascertained by means of XfmqPCR amplification from the total nucleic acids (TNAs) extracted from branches (b) and/or chlorotic (ch) and non-chlorotic (n-ch) leaf
midribs (Im). For each positive plant, the sequence type (ST) of X. fastidiosa subsp. multiplex was tentatively determined following the multilocus sequence typing
(MLST) approach (EPPO 2019) using at least two TNAs from the same plant and the deriving X. fastidiosa isolates if available.

Abbreviations: —, no amplification products were obtained; ND, not determined.

2Samples that tested negative to XfmqPCR were analysed again with XfqPCR (Harper et al. 2010).
bOnly bacterial isolates that previously tested positive to XfqPCR (Harper et al. 2010) were subjected to the MLST approach.

“No fluorescence above the threshold was recorded.

dMLST profile: [5 (leuA), 3 (petC), 5 (malF), 3 (cysG), 3(holC), 21 (nuoL), 3 (gltT)]; ST87, subsp. multiplex (EPPO 2019).
e*, composite sample of branch tissues. To verify the presence of X. fastidiosa subsp. multiplex ST87 in plants G/1 and L/0, TNAs were extracted from a pooled sample

of branch tissues and subjected to MLST analysis.

controls were included in all qPCR experiments: (i) water,
(i) TNAs recovered from uninfected potted R. alaternus mid-
ribs or (iii) branch tissues, which served as controls for any
possible cross-contamination during TNAs extraction. In all
experiments, the positive amplification control contained 20ng
of Xfm ST87 Mal51 DNA and 20ng of DNA extracted from un-
infected potted R. alaternus branches or midribs, according to
the experiment.

Based on XfmqPCR results, multilocus sequence typing (MLST)
characterisation procedures for Xf subspecies and ST determi-
nation were attempted on at least two TNA samples/Xf-positive
plants (EPPO 2019). Bacterial isolation, purification, Xf iden-
tification and subsequent MLST characterisation procedures
for subspecies and ST determination were attempted following
Falsini et al. (2022) (Table 1).

Plant nucleic acids extraction and bacterial isolation were ac-
complished in the laboratory of the Phytosanitary Service of the
Tuscany Region in Orbetello (Grosseto, Italy).

2.5 | Light, Immunohistochemistry and Scanning
Electron Microscopy Observations

A total of 22 branch segments (s) from Ma plants (A, B, C and D)
and four from an Fi plant (E) were used. Nine Ma leaf petioles
(taken from A, B, C and D) and four from Fi plant E were used.
Each s or petiole was arbitrarily chosen (Table S1). For the esti-
mation of the frequencies of occluded vessels in the branches and
petioles collected during February 2022 at Monte Argentario, a
subsample of 20 and three sections, respectively, was used.

For light microscopy (LM) observations, samples were fixed
with FAA (5:5:90 vol:vol:vol 40% formaldehyde:glacial acetic
acid:70% ethanol) at 5°C and then dehydrated in an ethanol
series (70%, 80%, 95% and 100% vol/vol). These samples were
then embedded in Technovit 7100 resin and sectioned with a
Reichert-Jung Ultracut E microtome to obtain 5um sections.

Branches (with adiameter of about 0.5 cm) and petiole samples were
sectioned with a microtome to obtain 2pum sections. Transverse
or longitudinal sections were mounted on microscope slides and
stained using three different protocols: 0.5% toluidine blue O in
0.1% Na,CO, at pH11.1 (O'Brian and McCully 1981) was used to
stain acidic polysaccharides pink/violet, phenolic components
blue and to discriminate occluded and pervious vessels (Nyalugwe
et al. 2016); vanillin-HCI was used to visualise the localisation of
tannins in cells (Gardner 1975); whereas Naturstoffreagenz-A was
used for flavonoids (Schitzler et al. 1996). A DM-RB Fluo-optic
microscope (Leitz) equipped with a digital DS-L1 camera (Nikon)
was used for microscopic observations.

The vessel mean diameter (um), average lumen area (um?) and
the percentage of wood area occupied by vessels (%) were de-
termined following De Micco et al. (2008), analysing the mi-
crographs derived from petiole and branch sections with the
software ImageJ (https://imagej.net/). For each measurement,
a minimum of 60-70 vessels was considered.

Transverse and longitudinal sections of samples, 2 um thick, em-
bedded in Technovit 7100 resin, together with sections, 20 um
thick, fixed in FAA and then maintained in 70% ethanol, were
used for immunofluorescence determination. In order to remove
the resin and retrieve the antigen, the embedded sections were
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FIGURE 1 | Flowchart of experimental procedures for each type of analysis performed in this study. Branches and leaves were sampled from
Rhamnus alaternus plants that were healthy or naturally infected by Xylella fastidiosa subsp. multiplex (Xfm) ST87. Branch samples: After leaves
were removed, the main axis of each branch was transversally sectioned with sterile shears into 5cm-long segments. Each segment was further sub-
divided into three transverse sections: The basal (1) section (approx. 0.5cm) was fixed in FAA and used for histological observations (light microsco-
py, scanning electron microscopy and fluorescence microscopy using Xf-specific antibodies); the middle (2) section (0.5 cm) was used for total nucleic
acids extraction and Xfm indexing via quantitative PCR analysis; and the distal (3) section (approx. 4cm) was surface disinfested and used for Xf iso-
lation and characterisation via multilocus sequence typing (MLST) analysis. Leaf samples: Each leaf was classified as chlorotic (ch) or non-chlorotic
(n-ch). The petiole and midrib were excised from each leaf with a sterile scalpel: The petiole (1) was fixed in FAA and used for immunohistochemical
and histological observations; the midrib was cut transversally into two parts, the section proximal to the petiole (2) was used for total nucleic acids
extraction, whereas the distal section (3) was used for Xf isolation and characterisation (both as described above). Figure created with BioRender.

treated with 3% H,O, for 30min and then washed in distilled
water. For the immunohistochemical (IH) assay, the X. fastid-
iosa Immunofluorescence kit IF 07419 (Loewe Biochemica)
was used. After a wash in phosphate-buffered saline (PBS), the
primary antibody against Xf diluted 1:1000 in PBS was applied
to each slide (30min incubation time) in a humid chamber at
room temperature and then washed twice for 7min with 0.1%
Tween 20 in PBS. Finally, FITC-conjugated goat anti-rabbit
secondary antibody diluted 1:150 in PBS was applied and in-
cubated for 30min in a humid chamber at room temperature.
At the end of incubation, the slides were rinsed as previously
described and mounted with Fluoroshield with DAPI (Merck).
Immunofluorescence images were acquired by a BX63 micro-
scope (Olympus) equipped with CellSens Dimension Imaging
Software v. 1.6 (Olympus). Objectives of 10x, 20x, and 40X were
used together with the following fluorescence filter sets: exci-
tation 365nm, emission 400nm hi-pass for DAPI staining, and
excitation 485nm, emission 524nm for FITC staining. ImageJ
software was used to obtain false-colour images from raw ones.

For scanning electron microscopy (SEM) studies, samples
were fixed with FAA and then processed with immersion
for 24h each in a series of increasing concentrations of eth-
anol (70%, 80%, 95% and 100% vol/vol). After dehydration,
samples were critical-point dried and gold metalised using a
sputter coater. Finally, samples were observed by SEM Zeiss

EVO 40 at the Centro di Servizi di Microscopia Elettronica e
Microanalisi (MEMA) of the University of Florence. The in-
strument was set at 15kV and at different working distances
ranging from 6.0 to 5.5mm.

2.6 | Statistical Analysis

To determine whether statistically significant differences ex-
isted between the mean frequencies (%) of occluded vessels in
branches according to the plant of origin of the sections, we
conducted a one-way analysis of variance (ANOVA). Similarly,
we used a two-tailed ¢ test to assess differences in the frequen-
cies of occluded vessels according to the age of the tissues of the
branch (s1-s4 vs. s5-s8) or the presence (class IV)/absence (II
and III) of dieback symptoms on the plant from which sections
were taken. Percentages were arcsine transformed and analysed
using GraphPad Prism v. 8.0. A contingency table (2 2) was an-
alysed using the chi-square statistic to test the independence of
Xfm presence in the midrib and chlorosis of the lamina. Yates
correction for continuity was applied.

For all analyses, a p value of <0.05 was considered a significant
difference. The effect size (ES) and the power (1-f) of the study
were calculated post hoc using G¥*Power v. 3.1.9.7 software (Faul
et al. 2007).
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3 | Results

3.1 | Xfm ST87 Detection and Quantification
in Planta

During February 2022, four R. alaternus plants (A, B, C and D)
growing within the Xf-infected zone (iz) of Monte Argentario,
which had previously tested positive for Xf during the offi-
cial monitoring programme carried out in autumn 2021,
were carefully inspected to assess the presence and severity
of water-deficit symptoms. After their categorisation as A/IV,
B/1V, C/II and D/III, respectively, three branches from each
plant were arbitrarily selected and subjected to further analy-
ses (Table 1). Based on XfmgPCR results, all four plants were
found positive for the presence of Xfm (Table 2). However,
whereas in B/IV (14/14 branch segments positive to XfmqPCR)
and D/III (17/21) the bacterium appeared to be widespread
in the host, in A/TV and C/II its presence was more erratic,
with segments of two out of three branches testing negative.
Concordantly, Xfm average concentration in the different seg-
ments was lower and constant (10*cfu/g) in A/IV and C/II,
and higher albeit more variable (10°-10°cfu/g) in B/IV and
D/III (Table 2). Among the eight leaves (three ch and five n-
ch) collected from these branches whose midribs were anal-
ysed, only one ch leaf tested positive to XfmqPCR (Table 2).
When A/IV was sampled again 8 months later (October 2022;
Table 2), as it was the only plant that had not been subjected to
eradication at that time (Tuscany Region 2022b), the presence
of Xfm was confirmed in all three tested branches, although
only one (no. 5) was completely and uniformly colonised for
its entire length (10°cfu/g/segment). In the other two (nos.
4 and 6), the presence of the bacterium appeared to be more
erratic between contiguous segments along the branch main
axis, and (no. 6) at variable concentrations (104-10°cfu/g of
segment). When the midribs of 24 leaves from the three A/IV
branches were analysed via XfmqPCR, the presence of Xfm
was detected in six out of eight leaves collected from branch
no. 5, in four out of eight from branch no. 6, and in none of
those from branch no. 4 (Table 2). Of these 10 infected leaves,
nine had been scored as ch and one as n-ch. In ch leaves, the
average bacterial load was estimated at 107-108cfu/g while
in n-ch leaf it was 10°cfu/g. At this time, two ch leaves and
12 n-ch leaves tested negative. Four months later (February
2023), midribs from ch or n-ch leaves were collected from
six plants (15 leaves/plant) growing within the iz of Ma (F/
1V, G/1I, H/1V, 1/1V, L/I and M/IV) that were all found to be
naturally infected by Xfm during the 2022 official surveys
(Table 1). Ch and n-ch leaves were present on plants F/IV, G/
II, H/IV, I/TV and M/IV, whereas only n-ch leaves could be
sampled from L/I (Table 3). Midrib TNAs from a total of 46 ch
and 44 n-ch leaves were subject to XfmqPCR (Table 3). By this
means, the presence of Xfm was never detected in n-ch leaves,
whereas the bacterium was present, at concentrations varying
from 10° to 107 cfu/g (Table 3), in 50% of the ch leaves that were
tested. Still in February 2023, 150 leaves (84 ch, 66 n-ch) from
six plants growing in the bz of Ma (N/III, O/1V, P/III, Q/IV, R/
IT and S/IIT) and from four naive control plants (E/II, T/II, U/
I1T and V/II) growing in the Xf pfa of Fi (Table 1) were sam-
pled, and none of them was infected by Xf (Figures S3 and S4)
according to XfmqPCR and XfqPCR results (data not shown).
The overall detection frequencies (2022-2023) indicate that in

Xfm-affected plants at Monte Argentario, the proportion of
XfmqgPCR-positive midribs differs between n-ch and ch leaves
(X0.001.1 = 10.828; x* =43.254; ES =0.595; 1— = 0.999).

The MLST approach was successfully completed from the TNAs
of at least one of the samples collected from each Xfm-infected
plant and the presence of the sole ST87 was found (Table 1).
Finally, the tissues of E/II (naive control) tested negative for the
presence of Xf at all sampling times (Table 1).

3.2 | Anatomical Observations on R. alaternus
3.2.1 | Anatomy of R. alaternus Wood

Cross sections from Xf uninfected R. alaternus (E/II; pest-free
area, naive control) branch samples stained with toluidine blue
showed a diffuse to semi-ring porosity, in which vessels (both
tracheary and tracheid elements) were generally solitary or
found in small groups surrounded by sclerenchymatic fibres
(Figure 2a,b). All vessels appeared free from any species of bac-
teria and nearly all pervious (Figure 2).

In the case of the secondary xylem of plants from Monte
Argentario (Plants: A/IV, B/IV, C/II and D/III; XfmST87 in-
fected), the vessel mean diameter in the apical part of the
branches (1-year-old wood) was 12+2um (mean +SD), the av-
erage lumen area was 104 +20pum? and the percentage of wood
area occupied by vessels was 65+ 5um?. In the basal part of
the branches (3- to 4-year-old wood), the xylem vessels showed
a mean diameter of 28 +4um, whereas the lumen area was
605202 um?2. Here, the area of secondary xylem occupied by
vessels was 34+ 14um?. These dimensions are comparable to
those measured by De Micco et al. (2008) when studying R. alat-
ernus plants growing further south along the Tyrrhenian coast
(Campania, Italy), with the exception of the wood area occupied
by vessels, which was three to four times higher in plants grow-
ing at Monte Argentario. In leaf petioles, both the vessel mean
diameter (7+2um) and lumen area (40+24um?) were lower
compared to branches. The percentage of wood area occupied
by vessels was 69 + 5 pm?.

3.2.2 | Anatomy of Branches From Xfm ST87-
Infected Plants

Twenty branch segments (s), taken during February 2022 from
four naturally infected R. alaternus plants growing at Monte
Argentario (A/IV, B/IV, C/II and D/III), were arbitrarily cho-
sen and used for histological analyses (Table 1; Table S1). Of
these s, 14 had previously tested positive and six negative to
XfmqPCR. Light microscopy (LM) observations indicated that
bacterial cells were present inside the xylem vessels of 16 seg-
ments, two of which, D/III bl-s7 and C/II b3-s8, had tested neg-
ative to XfmqPCR (Figure 3a,c). Rod-shaped bacterial cells were
detected in the vessels of two out of six segments analysed by
SEM, and the presence of Xf was confirmed in three out of four
by immunohistochemical (IH) staining. Based on our observa-
tions, the presence of bacterial cells was recurrent in the vessels
of plants B/IV, C/II and D/III, whereas they were never detected
in A/IV.
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| Xylella fastidiosa subsp. multiplex densities in Rhamnus alaternus leaf midrib (Im) tissues sampled in February 2023 in Tuscany, Italy, as determined by XfmqPCR (see main text for description

TABLE 3

of samples).

XfmqPCR? (CFU/g)®

Plant
ID

Im2 1m3 1m4 Im5 1mé6 1m7 ImS8 Im9 Im10 Im11 Im12 Im13 Im14 1m15

Im1

1.9%x10% 8.5x10% 9.9%x10° 1.6x10%/ nd/ch 3.8x10°/ 1.7x107/  nd/n-ch nd/n-ch  nd/n-ch nd/n-ch nd/n-ch  nd/n-ch nd/n-ch nd/n-ch

F/IV

ch
nd/ch

ch ch ch ch
nd/n-ch nd/n-ch nd/ch

nd/n-ch

ch
nd/n-ch

nd/ch nd/ch nd/ch nd/ch nd/ch nd/ch nd/ch

nd/ch

nd/n-ch

G/II

nd/n-ch nd/n-ch nd/n-ch nd/n-ch nd/n-ch nd/ch nd/ch 2.5%107/ nd/ch nd/ch nd/ch nd/ch 5.9%107/ nd/ch 1.2x107/

H/IV

ch

ch

ch

2.3%10°/

nd/ch

1.9% 107/

nd/ch

nd/ch  6.3x107/

5.0%x107/

nd/n-ch nd/n-ch  nd/n-ch nd/n-ch nd/ch nd/ch 5.5%105/ 1.2x107/

I/1v

ch

ch

ch

ch

ch

ch

nd/n-ch nd/n-ch nd/n-ch nd/n-ch nd/n-ch nd/n-ch nd/n-ch nd/n-ch  nd/n-ch  nd/n-ch  nd/n-ch nd/n-ch nd/n-ch nd/n-ch
nd/n-ch

nd/n-ch

L/1

nd/n-ch

nd/n-ch

nd/n-ch  nd/n-ch  nd/n-ch  nd/n-ch

1.5x107/ 3.7x10°/ 9.9x10°/ 2.0x10° 8.0%x10%/ 1.1x107/ 2.0x10%°  8.6x10%/

M/IV

ch

ch

ch

ch

ch

ch

ch

ch

Note: Plants were growing in the Xylella fastidiosa-infected zone within the demarcated area of Monte Argentario, GR. For each plant, 15 leaves were arbitrarily excised from branches and scored for presence (ch) or absence (n-ch)

of chlorosis of the lamina.

Abbreviation: nd, not detected.

“Using primers and probe specific for X. fastidiosa subsp. multiplex (Dupas et al. 2019). The detection cut-off was set to C, < 33.

"Each sample was tested in two replicates and the average C, value was determined. Target DNA concentration was determined by linear regression and then converted into CFU/g.

When sections were stained with toluidine blue, a metachro-
matic colouration that stains, among other things, acidic poly-
saccharides pink/violet, phenolic components blue, and that
allows visualisation of pervious vessels that otherwise appear
white in colour, several common traits between the branches of
these three naturally infected plants could be observed. Some
vessels were found to be filled with a blue-stained mucilage
(Figure 4a,b), indicating the presence of phenolics, whereas
in those in which bacteria could be seen, they appeared in the
form of small clusters of cells surrounded by an extracellular
pink/violet mucilage (Figure 3a-c). Most interestingly, when
the stained sections were compared, the existence of a differ-
ent reactivity, as suggested by the appearance of an unexpected
yellow colour in some vessels, was observed. This reaction was
particularly evident, but not limited to, the basal segments (s1-
s4) of the branches (Figure 4a,b). As it is well known that this
polychromatic dye reacts with different chemical components of
the plant cell, two additional stainings, vanillin-HCI (Figure 4c)
and Naturstoffreagenz-A (Figure 4d), for tannins and flavo-
noids, respectively, were carried out to better characterise the
composition of the mucilage. By this means, the presence of
these phenolics was also proven in those vessels in which the
presence of bacterial cells was not observed.

SEM observations of segments from C/II revealed that quite
often the bacterial cells within the clusters (Figure 3d) had
eventually lost their typical rod shape. The presence of rod-
shaped bacterial cells breaching through pit membranes was
also observed (Figure 3e). Fluorescence images obtained after
IH staining cross sections (Figure 3f) highlighted the presence
of clusters of Xf cells. In longitudinal sections, a diffused fluo-
rescence was occasionally observed in the tracheary elements
(Figure 3g), suggesting that inside the vessels, Xf cells were ef-
fectively embedded in mucilage. Punctiform fluorescent dots,
possibly indicative of solitary Xf cells, were never detected.

The presence of bacterial cells in the vessels could not be found
in A/TV (Ma) by means of LM analysis. However, the presence
of mucilage, also of yellow colour, could be sporadically detected
when sections were stained with toluidine blue (Figure 4a). A/
IV was sampled again in early autumn (October 2022) prior to its
eradication, and again three branches were arbitrarily selected
in proximity to the only infected branch found in February 2022.
Two segments were arbitrarily chosen among those that tested
positive to XfmqPCR (A/IV b5-s6 and A/IV b6-s6) and subjected
to LM analysis (Figure 5a,b; Table S1). Cross and longitudinal
sections stained with toluidine blue indicated that, in contrast
to that observed in February 2022, both dispersed and clustered
bacterial cells could be seen in some vessels. Furthermore, in
the adjacent sections that appeared free from bacteria, the
presence of a blue/yellow mucilage was evident (Figure 5a,b).
The occurrence of Xf cells was confirmed by IH as shown in
Figure 5c where the bacterium appears embedded or not in a
dense matrix. SEM observations also allowed visualisation of
the presence of rod-shaped solitary bacterial cells (Figure 5d).
Finally, the xylem vessels of the E/II (naive control) branch ap-
peared pervious and the presence of bacteria and/or mucilage
was not observed (Figure 2a,b; Table S1).

LM allowed clear separation between mucilage-free and appar-
ently occluded xylem vessels in 20 sections, each chosen as an
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FIGURE 2 | Light microscopy images of cross sections stained with toluidine blue from Rhamnus alaternus E/II (naive control). The xylem ves-

sels of branches and leaf petioles appeared pervious and the presence of bacteria and/or mucilage was not observed. Branch tissue sections from E/
II bl-s1, collected in February 2022 (a) and from E/II b2-s2 in October 2022 (b). In the inset: A detail of (a). Leaf petiole sections (E/II bl-lpl and E/II
b2-1pl, respectively) taken from the sampled branches in February 2022 (c) and October 2022 (d).

ideal representative of the segment from which it was derived.
The analysis indicated that the frequency (%) of occluded ves-
sels was also highly variable between sections taken from the
same Ma plant, especially in the case of plants A/IV and B/IV
that showed dieback symptoms (Figure S3b). No significant dif-
ferences (¢ =0.05; two-tailed) were found in the mean number
of occluded vessels pertaining to the plant of origin (F=1.392,
p=0.286; ES=0.538; 1-3=0.405), the age of branch tissues
(t=1.100, p=0.285; ES=0.502; 1-3=0.180) or the presence
or absence of dieback symptoms on the Ma plant (t=1.785,
p=0.091; ES=0.802; 1-$=0.393) from which the sections were
derived (Figure S3). Post hoc power analysis indicated that for
these three hypothesis tests, the probability of a type two error
(B) was 0.595, 0.82 and 0.607, respectively. Because the calcu-
lated ES varied from medium to large (Serdar et al. 2021), the
low experimental power could be increased by using a higher
number of sections (Figure S5).

3.2.3 | Anatomy of Leaf Petioles From Xfm ST87-
Infected Plants

During the February 2022 sampling in Ma, three petioles were
analysed, two from leaves scored as n-ch whose midribs were
negative (C/I1I b3-1p1 and D/III b3-Ip1l) and one from a leaf scored
as ch that tested positive to XfmqPCR (B/IV b3-Ipl) (Table 2).
Evidence of bacteria was found only in two petioles, one taken
from C/II and one from B/IV (Table S1). In contrast to that ob-
served in branch cross sections at this time, bacteria were found
in a relatively low number of vessels, surrounded by a pink-violet
mucilage as evidenced by toluidine blue staining (Figure 6a)
and, concordantly, the average frequency (%) of occluded vessels
that could be seen in petiole sections was 6 + 5. Moreover, SEM

observations showed that the bacteria were entrapped inside the
mucilage; they nearly always retained their typical rod shape
and were connected by a fibrillar network (Figure 6b). When
IH staining was performed, the presence of Xf cells, in the form
of small and looser clusters compared to that observed in the
deriving branch, was confirmed for the ch petiole taken from
B/IV only (Figure 6c). Eight months later (October 2022), the
petioles of six ch leaves from A/IV (Table 2) whose midribs had
previously tested positive to XfmgPCR were subject to micros-
copy analyses (Table S1). Cross sections, when stained with tolu-
idine blue (Figure 6d) or after IH staining (Figure 6e), readily
showed the presence of bacterial cells immersed in a dark violet
mucilage and the presence of Xf cells, respectively. The average
fraction (%) of apparently occluded vessels was 30+28. SEM
observations showed the presence of rod-shaped bacteria en-
trapped in a fibrillary network (Figure 6f). Cross sections from
the petioles collected from E/II (naive control) did not show the
presence of any bacteria or mucilage in the vessels (Figure 2c,d;
Table S1).

4 | Discussion

During their lifetime, plants need to mitigate the effects derived
from dysfunctions of their xylem network under severe drought
or freezing conditions, or as a consequence of the colonisation
process by vascular pathogens. Whether the causes are biotic
or abiotic, the plants’ ways of overcoming water conductivity
failure are often the same (Walker et al. 2023). In this context,
it is of interest to study the effects that Xf has on host species
that have evolved to ensure high water transport efficiency in
times of scarcity, as is the case of R. alaternus. When studying
the interaction of Xf with grapevine or olive, several authors
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FIGURE 3 | Microscopy images of Rhamnus alaternus. Light microscopy images of transverse (a) and longitudinal (b, c) sections taken from the
apical segments of branches of R. alaternus collected in February 2022. The secondary xylem was stained with toluidine blue. (a) Bacterial cluster
(white arrow) in a xylem vessel close to the pith in D/III bl-s7. (b) Bacterial cluster in a xylem vessel (white arrow) and presence of a pink/violet
stained mucilage in tracheary elements (white asterisk) in Ra B/IV b3-s5. (c) Clusters of bacteria (white arrows) in C/II b3-s8. Scanning electron
micrograph (d) of a cluster of bacteria infecting a vessel of branch C/II b3-s8 (white arrow). Only a few cells retained the typical Xylella fastidiosa
(Xf) rod shape (black arrows). (e) Scanning electron micrograph showing bacterial cells breaching through pit membranes. Immunohistochemical
staining images (£, g) showing fluorescent clusters of Xf cells inside xylem vessels (white arrows) in cross (f) and longitudinal (g) sections taken from
C/I1 bl-s7. The tissues of B/IV b3-s5 and those of D/III bl-s7 and C/II b3-s8 had previously tested positive and negative to XfmqPCR, respectively.

FIGURE4 | Light microscopy images of transverse and longitudinal sections taken from the basal and apical segments of branches of Rhamnus
alaternus collected in February 2022. Transverse (a) and longitudinal (b) sections from A/IV b3-s1 and B/IV bl-sl secondary xylem stained with
toluidine blue, respectively. The presence of different substances inside the mucilage that fills some of the vessel is highlighted by different colours:
Pink/violet, polysaccharides (black head arrow); blue, phenolics (white arrow); yellow, unknown substances (black arrow). (c) Transverse section of
D/III b3-s7 stained with vanillin-HC] showing red, tannins (white arrows); yellow, unknown substances (black arrows). (d) Transverse section of D/
III b2-s7 stained with Naturstoffreagenz-A, highlighting the presence of a flavonoid-containing mucilage inside the xylem vessels (white asterisks).

have pointed out that resistant cultivars usually possess, along
with other traits, narrower vessels compared to susceptible
ones. However, how this trait concurs with tolerance is a mat-
ter of debate. Perhaps the compartmentalisation of Xf is more
rapid and efficient when conduits are narrow rather than large,
and/or because their small lumen renders them less prone to
cavitation-induced embolism, a condition that is suspected to be
very favourable for this aerobic bacterium (Carluccio et al. 2023;
Chatelet et al. 2011; Deyett et al. 2019; Petit et al. 2021). In con-
trast, in the case of citrus, it was reported that neither vessel
diameter, in a range of 15-27um, nor frequency, 85-134 ves-
sels/mm?, could account for the difference in susceptibility to
Xfp 9a5c displayed by different genotypes. A critical factor in
restricting Xfp 11399 movements in this host appears to be the
morphology of bordered pits and the timing of lignin accumula-
tion in the cell walls (Coletta-Filho et al. 2007; Niza et al. 2015).
In the case of R. alaternus, it is reasonable to speculate that a
frequency that spans from 180 to 1000 vessels/mm? (De Micco
et al. 2008; El Aou-ouad et al. 2017) should have a significant

and positive impact on maintaining whole plant hydraulic func-
tion when infected by Xf. However, if not halted by the host, over
time the Xf colonisation process becomes so extended that even
a highly redundant vascular system will no longer be sufficient
to ensure adequate water transport. At that point, the plant will
start to show symptoms of disease.

Since 2018, symptoms of branch dieback, leaf drop, and chlorosis
of the lamina have been observed on R. alaternus during the ex-
ecution of monitoring programmes within the demarcated area
of Monte Argentario, an environment with hot and arid sum-
mers (Viciani et al. 2018). Although not specific (EPPO 2020),
these symptoms have been presumptively attributed to Xfm
ST87, the only ST found to date in this area. To verify the vascu-
lar occlusion hypothesis of disease, during February 2022, four
naturally infected plants were selected. A/IV and B/IV showed
severe symptoms, whereas C/II and D/III were nearly asymp-
tomatic, with C/II bearing only a few chlorotic leaves. However,
when their branch tissues were examined, no differences could
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FIGURES5 | Microscopy images of Rhamnus alaternus (A/IV) branch segments collected in October 2022. Light microscopy of transverse (a) and

longitudinal (b) sections from A/IV b6-s6 and A/IV b5-s6, respectively, stained with toluidine blue. The presence of clusters of bacterial cells inside

xylem vessels (black arrows) or of a blue/yellow mucilage in adjacent vessels (white arrows) are shown. (c) Fluorescence image of a longitudinal sec-
tion of A/IV b6-s6 after immunohistochemical staining. Xylella fastidiosa (Xf) cells appear embedded (white arrow) or not (red arrow) in a mucilage.
(d) Scanning electron micrograph showing free rod-shaped bacteria (white arrows) inside a vessel of A/IV b6-s6.

be found in terms of the number of infected branches or relative
bacterial cell densities. In all branches but those of B/IV, which
were found to be colonised for their entire length, we observed
that the frequency of segments positive to XfmqPCR was nearly
double for sl-s4 (older tissues) compared to s5-s8 (younger
tissues) segments, suggesting that in plants A/IV, C/II and D/
11T the colonisation process of the branches started from their
base and was still ongoing. The lowest Xfm ST87 concentra-
tions (10*cfu/g of tissue) were recorded in the segments taken
from the only positive branch out of three sampled from A/IV
and C/II. Higher but similar cell densities were found in the
segments from B/IV and D/III (10°-10°cfu/g) whose branches
all tested positive to XfmgPCR and from which the bacterium
could be readily isolated. These results are only in part con-
gruent with those obtained from LM analysis, which indicated
that the average frequency of occluded vessels is lower in plants
without branch dieback symptoms. However, these differences
were not statistically significant and reflect the high variabil-
ity that was recorded examining sections taken from the same
plant. Cardinale et al. (2018), when reconstructing by means
of confocal stacks, branch segments of 30-50pum thickness
taken from olive plants showing similar levels of OQDS sever-
ity, reported a highly irregular distribution of vessel occlusions
and that, at least in the case of branches, the most common
blocking agent was tyloses, a type of plant response that in R.
alaternus was never observed. Here, we found clear evidence
that vessel blockage does not relate so much to bacterial cell
aggregates but rather to polysaccharides and phenolic-rich mu-
cilage. This mucilage was found to occlude xylem vessels along

the entire length of branches and to also accumulate in those
segments, usually apical, in which the presence of Xfm ST87 or
of other bacteria could not be found by any means. Whatever
the inciting causes of this response, known to be common to
different environmental stresses (Sun et al. 2008), they are ev-
idently not sufficient to stem vessel colonisation by Xfm ST87.
Indeed, when we sampled again 8 months later from A/IV, the
only plant that had not yet been eradicated, symptom severity
had apparently not changed, but the presence of Xfm ST87 was
confirmed in all sampled branches, although bacterial load
was uneven in two out of three of them. When the population
size in each positive segment was estimated, it was found to
be 10*cfu/g of tissue in four segments, as observed 8 months
earlier, 10° in eight segments, and 10° in one segment, indicat-
ing that during the intervening spring and summer seasons,
the colonisation process of the host had not come to a halt.
This scenario was only partially similar to that observed in the
leaves collected from the same branches at this time, because
Xfm ST87 was always found in the midribs at higher concentra-
tions, 107-108 cfu/g, and significantly associated with chlorotic
leaves only. As in the cases of branches, there was no apparent
relationship between the percentage of occluded vessels in the
petioles, which varied from a minimum of 4.7% to a maximum
of 60.9%, and Xfm ST87 concentration in the corresponding
midribs, which was in the order of 108cfu/g. The robustness
of the association between Xfm ST87 and chlorotic leaves of
infected plants, and its independence from sampling time, was
confirmed at the beginning of February 2023. Again, as in the
case of A/IV, in the infected plants, which displayed different
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20 pm

FIGURE6 | Microscopy images of Rhamnus alaternus leaf petioles (Ip) collected from the sampled branches in February 2022 (a, b, ¢) and October
2022 (d, e, f). (a) Light microscopy of transverse section of B/IV b3-Ipl stained with toluidine blue. The presence of bacterial cells in some of the xy-
lem vessels can be seen (black arrows). (b) Scanning electron micrograph showing single rod-shaped bacterial cells (white arrows) and clusters of
bacteria entrapped in a fibrillary network (white asterisk) in two vessels of B/IV b3-Ip1. (c) Fluorescence image of Xylella fastidiosa (Xf) cells (white
arrow) inside one of the xylem vessels of chlorotic B/IV b3-Ipl transverse section after immunohistochemical staining. (d) Light microscopy of a
transverse section of a chlorotic leaf petiole (A/IV b5- Ip2) stained with toluidine blue showing bacterial cells inside the xylem vessels (black arrows).
(e) Fluorescence images of a transverse section of chlorotic A/IV b6-Ip3 after immunohistochemical staining. Xf cells are clearly visible inside many
xylem vessels (white arrows). (f) Scanning electron micrograph taken from A/IV b5-lp2, showing clustered rod-shaped bacterial cells (white arrows)
entrapped in a fibrillary network (white asterisk).

levels of drought stress severity, there was a significant associ- alaternus plants growing either in the Monte Argentario buf-
ation between Xfm ST87 and chlorotic leaves, one out of two fer zone or in the Xf pest-free area were found to be negative.
testing positive, whereas all non-chlorotic leaves tested nega- The most remarkable sign of leaf senescence in both perennial
tive. As expected, all leaf types collected from noninfected R. and annual plants is the yellowing of leaves, but different stress
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factors are well documented as inducers of premature leaf
chlorosis, including drought stress (Aloryi et al. 2023; Gulias
et al. 2002; Seleiman et al. 2021). Among biotic factors, Xf can
cause leaf yellowing in the form of spots, bands, or extended to
the whole lamina, depending on the host (EPPO 2020; Saponari
etal. 2016). Higher Xfpopulations in petioles compared to stems
have previously been reported in olive, citrus, and grapevine
(Cardinale et al. 2018; Niza et al. 2015), but, at least in the case
of PD, how Xff cell concentration relates to foliar symptom se-
verity is controversial (Deyett et al. 2019; Gambetta et al. 2007).
In the case of R. alaternus, it is possible that the significant
association of Xfm ST87 with yellowing leaves in reality only
reflects the fact that a relatively slow coloniser will eventually
reach high enough concentrations to become detectable only in
older leaves, which, indeed, are often yellow. This hypothesis
would be supported by the finding that in one out of two chlo-
rotic leaves from infected plants, the presence of the bacterium
could not be detected. Interestingly, this heterogeneous distri-
bution in the leaves of infected plants could help explain some
of the findings of Nencioni et al. (2024) when studying the role
of the spittlebugs P. spumarius and N. campestris as vectors of
Xfm ST87 at Monte Argentario. By using healthy and naturally
infected R. alaternus plants, the ability of both insect species,
the only ones found infected here to date, to acquire and trans-
mit Xfm ST87 was demonstrated (Gargani et al. 2021; Nencioni
et al. 2024). However, both events were found to occur at rela-
tively low rates. To explain this result, the authors invoked the
possibility that the phenomenon was also due to the low Xfm
ST87 cell density in the naturally infected plants, an estima-
tion that in that study was not performed (Nencioni et al. 2024).
Indeed, it is well documented that Xf acquisition and subse-
quent transmission requires cell loads of at least 10*cfu/g of
tissues (Daugherty et al. 2011; Hill and Purcell 1997), but other
factors are also involved. Generally, it has been reported that
homogeneously distributed infections and the presence of the
bacterium in the tender tissues of the woody plants are both
conditions that enhance the possibility of Xf being acquired
by its vectors. In contrast, adult insects tend to feed less from
older tissues and from plants showing water stress symptoms
(EFSA 2023; Daugherty et al. 2010b, 2011). In this view, our
finding that Xfm ST87 is present only in a fraction of the chlo-
rotic leaves, albeit at high densities (10°-108cfu/g), would be
congruent with the observed low acquisition and transmission
rates of the two insects because spittlebugs may prefer to feed
from the mature non-chlorotic leaves that we only found in-
fected once (Daugherty et al. 2011; Malone et al. 1999).

Further studies are necessary to understand the epidemiology of
Xfm ST87 at Monte Argentario, in that, whereas R. alaternus is
one of the most frequently infected species, the two spittlebugs
are present in relatively small numbers and do not seem able to
acquire Xfm ST87, at least from this host, nor to transmit it, with
great ease (Gargani et al. 2021; Nencioni et al. 2024).

Taken together, the similarities between R. alaternus plants
showing clear differences in symptom severity, both in terms
of extent of the colonisation process by Xfm ST87 and of fre-
quency and distribution of occluded vessels, may raise ques-
tions about the bacterium being, per se, the determinant of the
severe symptoms of desiccation that are recurrently observed
at Monte Argentario. Nevertheless, at this time, we consider

them not sufficient to reject the vascular occlusion hypothesis
of disease. This is for several reasons. First, because we have
observed that Xfm ST87 reaches high densities in the xylem of
infected plants, and this condition, in an unknown time, will
certainly have adverse consequences on hydraulic functions of
the whole plant. Secondly, because of the low number of branch
and leaf tissue specimens that were compared in this study to
estimate the percentages of occluded vessels. Indeed, a larger
sample size would probably have helped us to increase the preci-
sion and power of our estimates. Thirdly, all plants used in this
work were naturally infected, spontaneous, and growing in dif-
ferent locations of an area of about 60 km? (Monte Argentario).
This means that some of the plants (e.g., A/IV and B/IV) may
have been exposed to one or more inciting and/or predisposing
determinants of dehydration, whereas others may have been
exposed to the same determinants to a lesser extent (e.g., D/III)
or not at all (e.g., C/II). If this were to be proven true, it would
explain why plants bearing similar Xfm ST87 densities, as A/IV
and C/II during the February 2022 sampling, show differences
in symptom severity (Ostry et al. 2011; Scortichini et al. 2023;
Sherald et al. 1987).

In conclusion, in this paper we have described the colonisation
process of a new host, R. alaternus, by a new phylotype of Xfm,
ST87, never reported before in America or other European coun-
tries, but that is evidently spreading in the Tyrrhenian coastal
regions of central Italy (Europhyt outbreaks: no. 718 and up-
dates [Tuscany], 1620, 1993, 2003 [Lazio]). Indeed, further anal-
yses, to be carried out under artificial conditions, are warranted
to rule out if there is a correlation between Xfm ST87 density
in the xylem network and the symptoms displayed by R. alater-
nus in the open environment. However, findings from this study
already clearly show that Xfm ST87 can systemically colonise
this host without causing evident symptoms, possibly with the
exception of premature leaf senescence. We believe that this in-
formation will help inform epidemiological studies during the
execution of the official monitoring plans for Xf, will guide de-
cisions regarding plant species to be propagated and cultivated
by nurseries that fall within Xf-demarcated areas, and will help
define mandatory checks on plant propagation materials in ac-
cordance with EU regulation 2020/1201.
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