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Fig mosaic disease (FMD) is a major disease affecting fig trees, for which only fig mosaic virus (FMV) has been
identified as etiological agent. In the present study, trees of common fig cv. Dottato, belonging to the old Tuscan
germplasm, were investigated to pioneering (i) evaluate the presence of FMV in Tuscany (Central Italy), as well
as other FMD-associated viruses previously reported in Italy, (ii) type and phylogenetically characterize the
reported FMV isolates, and (iii) elucidate some physiological and biochemical responses of fig trees challenged
by FMV. Although many studies on FMD have been carried out in Southern Italy, the present study represents the
first identification of the disease in another Italian area. This work (i) showed that FMD is present also in Central
Italy, also suggesting a wider diffusion than what has been reported so far; (ii) confirmed that the disease is
caused by FMV, tested positive in both symptomatic and asymptomatic leaves (100 and 27% of tested samples,
respectively); and also fig fleck-associated virus (FFKaV) was reported; (iii) identified three new FMV isolates (i.
e., Dot-1, Dot-2 and Dot-3, deposited in GenBank), which resulted not close to other FMV Italian isolates; and (iv)
pioneering elucidated that FMV impaired photosynthesis and organic acid biosynthesis in symptomatic leaves,
but negative effects occurred also in asymptomatic ones in terms of photosynthetic and accessory pigments. More
research should be carried out to improve our knowledge on FMD diffusion and FMV (and FFKaV) genetic
features, as well on the effects of this regulated non quarantine pest on fig trees, also investigating its fruits
representing an ancient source of food and health.

1. Introduction viral pathogens, including the viruses and viroids associated with fig

mosaic disease (FMD; Preising et al. 2021).

Ficus (Moraceae family) is one of the largest genera of angiosperms
with more than 800 species worldwide, including several edible ones
with milky latex and aggregated drupes or achenes as fruits (Ayuso et al.,
2022). The fig species of greatest commercial importance is Ficus carica,
also known as ‘common fig’, which consists of numerous varieties with
significant genetic diversity (Salhi-Hannachi et al., 2006). Native to the
Middle East, common fig tree is one of the first plants that was domes-
ticated (around 11,400 years ago) and is today grown worldwide
because of its adaptability to different soil and environmental condi-
tions, as well as for the esteemed nutritional and nutraceutical values of
its fruits consumed in both dry and fresh form (Barolo et al., 2014). Most
of the world’s fig production occurs nowadays in the Mediterranean
basin (FAOSTAT, 2022). Figs are commercially propagated by grafting
or self-rooted cuttings, and these methods favor the dissemination of
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Fig mosaic disease is the major disease affecting fig trees and it
represents the main threat to global fig production (Toima et al., 2022).
It is a virosis firstly reported in 1933 in USA (Condit and Horne, 1933),
and nowadays spread worldwide in Africa (Elbeshehy and Elbeaino,
2011), Asia (Chirkov et al., 2021), Europe (Elbeaino et al., 2006), the
Middle East (Alkowni et al., 2015), North, Central and South America
(Tzanetakis et al., 2010), and Oceania (Elbeaino et al., 2022). The dis-
ease is characterized by variable symptomatology which is clearly
visible from spring to the end of the growing season (Preising et al.,
2021). Fig trees affected by FMD can show vigour reduction, and
symptoms include chlorotic and yellowish spots, discoloration, defor-
mation, and mosaic patterns on the leaves and fruits (Preising et al.,
2021; Elbeaino, 2022).

Although such symptoms have been observed in fig trees for almost a
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century, the etiological agents associated with FMD have been investi-
gated only in the last 20 years (Elbeaino et al., 2006, 2007, 2009, 2010).
Several viruses and viroids have been identified and found to be asso-
ciated with FMD in various fig producing areas of the world (Preising
et al., 2021; Chirkov et al., 2022). Most of these pathogens are
long-distance transmitted via vegetative propagation of infected plant
material, whereas only fig mosaic virus (FMV) and fig leaf
mottle-associated virus 1 (FLMaV-1) can be transmitted in fields by the
eriophyid mite (Aceria ficus; Credi et al., 2012) and fig wax scale (Cer-
oplastes rusci; Yorganci and Acikgoz, 2019), respectively. Transmission
by seeds is restricted only to fig latent virus-1 (FLV) and fig cryptic virus
(FCV; Preising et al., 2021).

Among these viruses and viroids, FMV is the only one identified to be
an etiological agent of FMD, showing its correlation with double-
membrane bodies, a consistent feature of diseased figs in the cyto-
plasm of symptomatic leaf parenchyma cells, regardless of the variety
and the country of origin of infected samples (Elbeaino et al., 2009). Fig
mosaic virus is a (-)ssRNA virus and a member of the emaravirus genus
(Fimoviridae family). The genome is multipartite, containing six RNA
segments. Each RNA segment has a single ORF with a 5" and 3’ end and is
individually incapsulated in a separate virus capsid (Walia et al., 2014).
Other than being identified as the only virus causing FMD, FMV was
found naturally infecting Cyclamen persicum, which is the only non-fig
host so far reported for FMV, adding more complexity to the manage-
ment of this important fig virus (Elbeaino et al., 2018). Surveys indi-
cated that FMV is one of the mostly found viruses infecting fig plants in
the world, although percentage of FMV infected plants varies drastically
among regions. Globally, approximately 2000 samples have been
investigated for FMV and more than 30% tested FMV positive (Preising
et al., 2021). Despite ambiguity remains in determining the correct FMD
causal agent (Elebaino, 2022), European Union indicated FMV as
regulated non quarantine pest to be avoided in vegetative materials and
seeds (European Union, 2019).

Italy is among the major producers of figs in Southern Europe
(11,297 tons year’l; FAOSTAT, 2022), but (similarly to other countries
worldwide) its fig production has drastically decreased in recent decades
(—65%, compared to 1998; FAOSTAT, 2022), mainly due to the rapid
ripening of the fruits. Furthermore, the fig production is still based on
old accessions, grown locally, which are the result of the empirical se-
lection made by farmers based on fig tree tolerance to several environ-
mental constraints. These ecological characteristics of the fig tree make
it a promising species and at the same time highlight critical issues that
require applied research (Usai et al., 2021). In this sense, although many
studies on FMD were carried out in Southern Italy (Elbeaino et al., 2006,
2007, 2009; Elbeaino et al., 2010, 2011a, 2011b), no research is avail-
able from other Italian regions. Furthermore, to the best of our knowl-
edge, globally, only Zare et al. (2021) investigated the responses of fig
trees challenged by FMD in Iran (i.e., the fourth fig producer worldwide;
FAOSTAT, 2022).

To address these knowledge gaps, trees of common fig cv. Dottato,
belonging to the old Tuscan germplasm, were here investigated, spe-
cifically to pioneering (i) evaluate the presence of the etiological agent
of FMD in Tuscany, i.e., FMV, as well as other FMD-associated viruses
previously reported in Italy, i.e., FCV, fig fleck-associated virus (FFKaV),
and FLMaV-1 (Preising et al., 2021), (ii) type and phylogenetically
characterize the reported FMV isolates, and (iii) elucidate the physi-
ochemical responses of fig trees challenged by FMV. We anticipate that
outcomes here reported will be useful for the challenging contrast to the
detrimental FMD.

2. Materials and methods
2.1. Plant material and experimental design

Experimental activities were carried out in 2022, in a three-year-old
Ficus carica cv. Dottato orchard located in Capalbio (Grosseto), Tuscany,

Scientia Horticulturae 322 (2023) 112440

Central Italy (42°27'15"N, 11°25'21"E, 165 m a.s.L.). The orchard had an
east-west orientation, a weed barrier landscape fabric covering the land
under rows, and a drip irrigation system. The climate of the experi-
mental area is Mediterranean [Hot-summer mediterranean climate
(Csa), Koppen and Geiger classification; Beck et al., 2018], with annual
mean, minimum and maximum temperatures of 15.5, 7.3 (January) and
24.9 °C (August), respectively, and an annual rainfall of around 750 mm.
The soil type is sandy loam (18% clay, 17% silt, 65% sand). Average soil
pH, organic matter, and phosphorous and potassium contents were 6,
2%, 17 mg kg ! and 790 mg kg !, respectively.

Fifteen trees were selected for size uniformity, and branch samples
were collected in February. In July, leaves were firstly measured in field
(from 10.00 am to 1.00 pm, under clear sky conditions), and then
sampled. One branch sample per tree was collected, whereas, as visible
leaf symptoms occurred in summer, two leaves per tree were measured/
collected, one symptomatic and one asymptomatic (all leaves were in
the middle part of canopy, fully expanded and sun exposed). All
collected samples were kept refrigerated until quickly reaching the Plant
Pathology Lab at the Department of Agriculture, Food and Environment
of the University of Pisa. Here, branch and leaf samples for molecular
diagnosis were immediately handled for total nucleic acid (TNA)
extraction, whereas leaf samples for biochemical analyses were stored at
—80 °C.

2.2. Extraction of TNA and retrotranscription

TNA was recovered from 500 mg of cambial scrapings of branches or
of vein tissues and petioles of leaves, according to the method reported
by Pedrelli et al. (2021). Briefly, tissues were crushed in liquid nitrogen
and 5 ml cetyltrimethylammonium bromide 2% (w/v) buffer was added.
After incubation at 65 °C for 15 min, one volume of chloroform:isoamyl
alcohol (24:1, v/v) was added, and TNA precipitated with one volume of
isopropanol. Pellet was then washed with 70% ethanol (v/v), air-dried,
and dissolved in 80 pl of RNase/DNase free water. cDNA synthesis was
finally performed using M-MMLV reverse transcriptase (GeneSpin s.r.1.,
Milan, Italy), according to the manufacturer instructions, and kept at
—20 °C until it was utilized.

2.3. Virus detection

The detection of FMV was carried out by using an end point poly-
merase chain reaction (End point PCR) protocol which amplifies 302 bp
DNA fragment from viral RNA-dependent RNA polymerase (RdRp;
Elbeaino et al., 2009). The assay was performed in a C1000 Touch
thermal cycler (Bio-Rad, Hercules, CA, USA), and amplified products
were observed on 1.2% (w/v) agarose gel electrophoresis. The detection
of FCV, FFKaV, and FLMaV-1 was achieved by using quantitative poly-
merase chain reaction (QPCR) protocol amplifying RdRp, coat protein
(CP), and heat shock protein 70 (HSP70) of 108, 112 and 140 bp frag-
ments respectively (Alsaheli et al., 2021). The assays were performed in
a Rotor-Gene Q Thermocycler (Qiagen, Venlo, The Netherlands), and
the results observed with the instrument software. The End point PCR
and qPCR were conducted in 25 and 20 pl reaction volume containing
DreamTaq Green (Thermo Fisher Scientific, Waltham, MA, USA) and
ITaq (Bio-Rad, Hercules, CA, USA), respectively. Positive, negative, and
no-template controls for each experiment were included.

2.4. Virus sequencing and in silico assays

The FMV amplicons were directly sequenced by Sanger DNA method
(Eurofins genomics, Ebersberg, Germany), in silico analysed using Bio-
edit (Hall, 1999), and compared in BLASTn (www.ncbi.nlm.ni.gov).
RDP4 program (v.4.101) using 3Seq, Bootscan, Chimaera, GENECONV,
MaxChi, RDP, and SiScan algorithms (Martin et al., 2015) was used to
evaluate the recombinant events. The alignments were performed to
observe the presence of non-synonymous (dN) and synonymous (dS)
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single nucleotide polymorphisms (SNPs), and to construct the phylo-
genetic trees by the Maximum Likelihood (ML) method (Jukes-Cantor
model) with 1000 bootstrap replicates in MEGA X (Kumar et al., 2018).
An ad hoc database (Supplementary table S1) was established including
FMV isolates retrieved in GenBank and containing RdRp genomic re-
gion. The isolates selected were engaged in the phylogenetic analysis
and European mountain ash ringspot-associated virus isolate (EMARAV;
NC_0131105) was used as out-group.

2.5. Leaf gas exchange and chlorophyll content

Leaf net carbon dioxide (CO,) assimilation (A), stomatal conduc-
tance (g;) and intercellular CO5 concentration (C;) were determined by
using a Li-6800 portable photosynthesis system equipped with a
6800-01A LED light source (Li-Cor, Lincoln, NE, USA), operating at 400
ppm CO; concentration, and saturating light conditions (1700 pmol
photons m2sh.

A SPAD 502 (Konika Minolta, Chiyoda, Tokyo, Japan) was used to
determine leaf greenness as an estimate of chlorophyll content
(Chlgpap). Three measurements per leaf were collected (right, left and
upper part of leaf), and the mean of these measurements was recorded.

2.6. Leaf water status

Water status parameters were determined on the same leaves used
for gas exchange and Chlgpap at midday according to Stanton and
Mickelbart (2014). A leaf portion was used to determine relative water
content (RWC), which was calculated as (FW-DW)/(TW-DW) x 100,
where FW is the fresh weight, TW is the turgid weight after rehydrating
samples for 24 h, and DW is the dry weight after oven-drying leaves at
60 °C until constant weight. To determine leaf osmotic potential (¥,),
another leaf portion was placed in a mesh inserted into a micro-
centrifuge tube, immersed in liquid nitrogen, and then stored at —20 °C
until processing. Osmolality was determined with a Wescor 5500 vapor
pressure osmometer (Wescor, Logan, UT, USA), and ¥, was converted
from osmolality using the Van’t Hoff equation (Stanton and Mickelbart,
2014).

2.7. Leaf pigment contents

Leaf pigments were determined by ultra-high performance liquid
chromatography (UHPLC) by using a Dionex UltiMate 3000 system
equipped with an Acclaim 120 C18 column (5 pm particle size, 4.6 mm
internal diameter x 150 mm length) maintained into a Dionex TCC-100
column oven at 30 °C, and a Dionex UVD 170 U detector (Thermo Sci-
entific, Waltham, MA, USA; Zhang et al., 2018). Leaf material (50 mg
FW) was homogenized in 1 ml of 100% HPLC-grade methanol and
incubated overnight at 4 °C in the dark. The supernatants were filtered
through 0.2 pm Minisart® SRT 15 aseptic filters. The pigments were
eluted using 100% solvent A (acetonitrile/methanol, 75/25, v/v) for the
first 14 min to elute xanthophylls (neoxanthin, Neo; violaxanthin, Vio;
antheraxanthin, Ant; lutein, Lut; zeaxanthin, Zea; in order of elution),
followed by a 1.5 min linear gradient to 100% solvent B (meth-
anol/ethylacetate, 68/32, v/v), which was pumped for 14.5 min to elute
chlorophyll b (Chl b) and chlorophyll a (Chl a), a-carotene (a-car), and
fB-carotene (fB-car), followed by 2 min linear gradient to 100% solvent A.
The flow rate was 1 ml min~'. Chlorophylls, xanthophylls and carotenes
were detected by their absorbance at 445 nm, while tocopherols (a, B, v,
8 — isomers) at 295 nm. To quantify the pigment content, known
amounts (0.003-0.5 mg ml™Y of pure standards (Sigma-Aldrich, St.
Louis, MO, USA) were injected into the UHPLC system, and an equation
correlating the peak area to pigment concentration was formulated.
Chromatographic data were processed and recorded by Chromeleon
Chromatography Management System software, version 7.2.10-2019
(Thermo Scientific). The sum of all compounds from the specific group
identified in the study was calculated as follows: total chlorophyll
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content (Chlror) was calculated as Chl a + Chl b, total carotenoid con-
tent (Carror) was calculated as Neo + Vio + Ant + Lut + Zea +
a-car-+p-car, while the xanthophyll cycle pigment content (VAZ) was
calculated as Vaz + Ant + Zea. The de-epoxidation state (DEPS) was
calculated as (Ant + Zea)/VAZ.

2.8. Sugar and organic acid contents

Soluble sugars (i.e., D-glucose, D-fructose and sucrose) were
measured using a K-SUFRG commercial kit (Megazyme, Wicklow,
Ireland) following the manufacturer’s protocol. After extraction with
ethanol 80% (v/v), D-glucose, D-fructose and sucrose were determined
with a spectrophotometer (UV-1900 UV-vis, Shimadzu, Kyoto, Japan) at
340 nm. Organic acids (i.e., citric, malic, succinic and quinic acids) were
determined according to Eyéghé-Bickong et al. (2012), with minor
modifications. After extraction with 100% HPLC-demineralized water,
organic acids were measured by the same UHPLC reported above
equipped with a pre-column Repromer H (9 pm particle size, 8 mm in-
ternal diameter x 20 mm length), and a Repromer H column (9 pm
particle size, 8 mm internal diameter x 300 mm length) by using 9 mM
sulphuric acid as eluent and a flow rate of 1 ml min~. Organic acids
were detected by their absorbance at 210 nm with the same detector
reported above. To quantify their content, known amounts (0.003-0.5
mg ml™ ) of pure standards (Sigma-Aldrich, St. Louis, MO, USA) were
injected into the UHPLC system, and an equation correlating the peak
area to organic acid concentration was formulated.

2.9. Statistical analysis

The Shapiro-Wilk test was used to evaluate the normal distribution of
leaf physiological and biochemical parameters. The statistical differ-
ences of these parameters among FMV negative (FMV-; i.e., controls),
asymptomatic FMV positive (As/FMV+) and symptomatic FMV positive
(Sy/FMV+) leaves were investigated by a one-way analysis of variance
(ANOVA), followed by Tukey’s post-hoc test. Statistically analysis was
performed in JMP 13.0 (SAS Institute, Cary, NC, USA), and significant
differences were considered for P < 0.05.

3. Results
3.1. Virus detection

No symptoms were reported in branches collected in winter, whereas
leaf deformation, vein clearing, chlorotic blotching and mosaic symp-
toms occurred in summer on several leaves (ca. 25%, randomly
distributed across the canopy) of all the investigated trees.

The molecular diagnosis of branches showed only the presence of
FFKaV, which was detected in 11 trees (73%). FFKaV was also reported
in leaf samples collected in summer (even in 13 symptomatic and 14
asymptomatic ones), but here also FMV was found in all the investigated
trees: all symptomatic samples tested positive to FMV, but it was also
reported in four asymptomatic ones (27%). FCV and FLMaV-1 were
never detected in both branch and leaf samples.

3.2. Virus sequencing and in silico assays

FMV amplicons sequencing allowed to obtain 19 sequences (RdRp
genomic region), from which emerged three new variants, named Dot-1,
Dot-2 and Dot-3, and deposited in GenBank (www.ncbi.nlm.ni.gov;
Table 1). The Dot-2 variant was found in 13 samples (i.e., 68% of tested
positive ones), and displayed 96.72% similarity with isolate FMV-HF41
(KU198369). Dot-1 and Dot-3 were only found in five and one samples,
respectively, and displayed 92.15 and 92.56% similarity with isolate
Tun-Tg122 (LN908805).

The number of SNPs among the three variants was 71. Maximum
changes were found in Dot-1 and Dot-2 (24 nt) with 5 dN each, followed
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Table 1
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Symptomatology, fig mosaic virus (FMV) diagnosis by polymerase chain reaction assay, sequence variants, accession number, and homology isolates on GenBank
database of FMV variants identified in leaves of common fig cv. Dottato in Tuscany. ¢ = isolate Tun-Tg122, LN908805; ® = isolate FMV-HF41, KU198369; Sy =

symptomatic; As = asymptomatic; + = Positive; - =Negative.

Plant Symptomatology FMV Sequence Accession Homology (%)
variant number NCBI

1 Sy + Dot-1 00291242 92.15%
As - —

2 Sy + Dot-1 00Q291242 92.15%
As - —

3 Sy + Dot-2 00Q291243 96.72°
As - —

4 Sy + Dot-2 00291243 96.72°
As - —

5 Sy + Dot-2 00Q291243 96.72°
As - —

6 Sy + Dot-2 00291243 96.72°
As - — —

7 Sy + Dot-2 00Q291243 96.72°
As + Dot-2 00291243 96.72°

8 Sy + Dot-2 0Q291243 96.72°
As + Dot-2 00291243 96.72°

9 Sy + Dot-2 00291243 96.72°
As - — —

10 Sy + Dot-2 00Q291243 96.72°
As - — —

11 Sy + Dot-1 00Q291242 92.15%
As - — —

12 Sy + Dot-2 00291243 96.72°
As - — —

13 Sy + Dot-2 00Q291243 96.72°
As + Dot 3 0Q291244 92.56"

14 Sy + Dot-2 0Q291243 96.72°
As - — —

15 Sy + Dot-1 0Q291242 92.15%
As + Dot-1 00Q291242 92.15%

by Dot-3 (23 nt) with 3 dN. The identity levels of nucleotide and
deduced amino acid sequences ranged from 88.08 to 89.97% and from
95.06 to 96.30%, respectively (Table 2). The genetic variability (1) was
0.108+0.018.

The recombinant analysis conducted on the FMV sequences associ-
ated with those retrieved from GenBank (Supplementary Table S1)
showed no putative recombinant events in the FMV isolates. The
phylogenetic analysis showed low bootstrap values. However, three
major groups were observed, with the first group further splittable in
two subgroups (Fig. 1). All three new variants (i.e., Dot-1, Dot-2, Dot-3)
resulted included in subgroup 1, but Dot-1 and Dot-3 were close to
isolates Tun-By145 (LN908806) and Tun-Tg122 (LN908805), while Dot-
2 was close to isolates FMV-Cro-19S (KT312843) and FMV-HF41
(KU198369).

3.3. Physiochemical responses to FMV

In Sy/FMV+ leaves, A and g; decreased of more than 35%, compared
to FMV- (Fig. 2), while C; did not change, as well as RWC and ¥, (ANOVA:
P>0.05). Chlgppp decreased in As/FMV+ leaves, and even more in Sy/
FMV+ ones (—8 and —28%, respectively; Fig. 3A). In Sy/FMV+ leaves,
reductions of Lut and VAZ contents were also observed (—32 and —26%,
respectively), while Vio decreased only in As/FMV+ samples (—20%;
Fig. 3B-D). No other significant differences were observed in terms of

Table 2

Identity matrix between fig mosaic virus nucleotide (lower left) and deduced
amino acid (upper right) sequences recovered in leaves of common fig cv.
Dottato in Tuscany.

Dot-1 Dot-2 Dot-3
Dot-1 96.30 95.06
Dot-2 89.50 96.30

Dot-3 88.08 89.97

leaf pigment contents (i.e., Ant, Neo, Zea, Chl a, Chl b, a-car, p-car,
a-tocopherol, p-tocopherol, y-tocopherol, &-tocopherols) and derived
parameters (i.e., DEPS, Chlror, Carpor; ANOVA: P>0.05).

No significant effects were also reported on D-glucose, D-fructose
and sucrose contents (ANOVA: P>0.05), whereas both quinic and suc-
cinic acid contents decreased in Sy/FMV+ leaves (—62 and —53%,
respectively; Fig. 4), while no significant effects were reported on citric
and malic acids (ANOVA: P>0.05).

4. Discussion

4.1. FMD is present also in Tuscany (Central Italy), and it was confirmed
to be associated with FMV, even if also FFKaV was reported

Although FMD was largely investigated and reported in Southern
Italy in the last decades (Elbeaino, 2022), no data were available from
other Italian regions. Thus, to the best of our knowledge, the present
study represents the first investigation of FMD in Tuscany (Central
Italy), a region in which fig cultivation is important. Although no
symptoms were reported in branches collected in winter, typical FMD
leaf symptoms occurred in summer, in all the investigated trees, ac-
cording to Deli¢ et al. (2021).

Actually, the molecular diagnosis of branches collected in winter
showed only the presence of FFKaV. This virus was previously reported
in some Mediterranean areas, including Southern Italy (Elbeaino et al.,
2011a; Yahyaoui et al., 2017), but it is important to stress that, based on
the available information, it is not possible to establish a cause-effect
relationship between FFKaV and the FMD symptomatology (Elbeaino
et al., 2011a). FFKaV was also reported in leaf samples collected in
summer, but here also FMV (i.e., the FMD causal agent) was found in all
the investigated trees, supporting the abovementioned observations of
visible symptoms. It is interesting to note that all symptomatic samples
tested positive to FMV, but it was also reported in four asymptomatic
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ones. This difference in FMV infection rate between tissues with con-
trasting symptomatology was previously reported by Ishikawa et al.
(2012). Differently, FFKaV tested positive in more than 93% of leaf
samples, regardless their symptomatology, according to Ale-Agha and
Rakhshandehroo (2013), which found FFKaV infected leaves in Iran (but
only in asymptomatic ones), as well as to Yahyaoui et al. (2017), which
reported the lower presence of FMV than FFKaV (as well as their mixed
infection) in autochthonous fig trees in Sicily (Southern Italy). Finally,
the absence of FCV and FLMaV-1 in both branch and leaf samples results
in contrast with previous Italian investigations which reported these
viruses in 45 and 14% of tested samples, respectively (Elbeaino et al.,
2007; 2011b).

Overall, these outcomes seem to confirm that FMV is the aetiological
agent of FMD, being it previously associated to the observed symp-
tomatology, also linked with the characteristic microscopic one in leaves
(Elbeaino et al., 2009). Furthermore, since this study is the first inves-
tigation of FMD at higher latitudes than Southern Italy, the immediate
report of the disease suggests its much wider diffusion than what has
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Fig. 1. Phylogenetic tree of fig mosaic virus (FMV)
reconstructed from partial RARp genomic region. The
trees were generated by Maximum Likelihood (ML)
A using the Jukes-Cantor model of evolution for nucle-
otide. The significance of each branch was evaluated
by constructing 1000 trees in bootstrap analysis. Only
s bootstrap values > 70% are shown. The scale repre-
M —‘ sents a distance of 0.10 substitutions per site. The
s — KU198377 isolate FMV-MF32 1solafes sequenced in thlS. stu.dy are in bold. Condens'ed
portion A and B hold Italian isolates from other studies
KU198376isolate FMV-ME30 (LS997746, 1S997749, NC 029,562, and LT978305,
7 KT312843 isolate FMV-Cro-19S LS997747, respectively). European mountain ash
Dot-2 Siil 1 ringspot-associated virus isolate (EMARAV;
ubgroup
KU198368isolate FMV-HE41 NC_0131105) was used as the outgroup.
il B
‘ Group 1
o
— Dot-3
] Dot-1
LN908806 isolate Tun-By145
93 ' LN908805 isolate Tun-Tg122
|
L Subgroup 2
—— FN666276 isolate UH | Group 2
L— MW584147 Emaravirus fici segment RNA1 | Group 3
NC 013105 EMARAV | Outgroup

been reported so far. This evidence also imposes more attention for
contrasting the diffusion of virus infected vegetative material (which
likely was the force of a so long distance spread of FMV and FFKaV), as
well as for larger monitoring of this detrimental fig disease, keeping in
mind that also asymptomatic leaves can be FMV infected.

4.2. Three new FMV isolates were identified, phylogenetically not close to
other FMV Italian isolates

Among the obtained 19 sequences, emerged the three new variants
Dot-1, Dot-2 and Dot-3. The most occurring variant was Dot-2, which
displayed high similarity with isolate FMV-HF41 (KU198369) recovered
in Bosnia and Herzegovina on a fig tree. Dot-1 and Dot-3 showed high
similarity with isolate Tun-Tg122 (LN908805) recovered on a fig tree in
Tunisia.

The identity levels of nucleotide and deduced amino acid sequences
was in accordance with Alfaro-Fernandez et al. (2013), while the genetic
variability was in accordance with those emerging from the database
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Fig. 2. (A) Net carbon dioxide assimilation rate and (B) stomatal conductance (g;) in fig mosaic virus (FMV) negative (FMV-, white), asymptomatic FMV positive (As/
FMV+, gray) and symptomatic FMV positive (Sy/FMV+, black) leaves of common fig cv. Dottato. Data are shown as mean + standard deviation. F-values and P-levels
from a one-way ANOVA are shown in the top-right corner of panels. According to Tukey’s post-hoc test, different letters indicate significant differences among means
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Fig. 3. (A) Chlorophyll (estimated as SPAD index; Chlspap), (B) violaxanthin, (C) lutein and (D) violaxanthin + antheraxanthin + zeaxhantin (VAZ) contents in fig
mosaic virus (FMV) negative (FMV-, white), asymptomatic FMV positive (As/FMV+, gray) and symptomatic FMV positive (Sy/FMV+, black) leaves of common fig cv.
Dottato. Data are shown as mean =+ standard deviation. F-values and P-levels from a one-way ANOVA are shown in the top-right corner of panels. According to
Tukey’s post-hoc test, different letters indicate significant differences among means (P < 0.05). FW: fresh weight.

here ad hoc created (Supplementary Table S1) taking into account both
Mediterranean (0.125+0.016; Algeria, Bosnia and Herzegovina,
Croatia, France, Greece, Italy, Lebanon, Montenegro, Palestine, Tunisia,
and Turkey), and worldwide isolates (0.117+0.014; Argentina, Canada,
Costa Rica, Iran, Iraq, Japan, Mexico, and Russia). These values are also
in accordance with those reported by Walia et al. (2014).

Although the three new variants (i.e., Dot-1, Dot-2, Dot-3) resulted
included in subgroup 1 by the phylogenetic analysis, Dot-1 and Dot-3
were close to isolates Tun-Byl145 (LN908806) and Tun-Tgl22
(LN908805) recovered on fig trees in Tunisia, while Dot-2 was close to

isolates FMV-Cro-19S (KT312843) and FMV-HF41 (KU198369) found
on fig trees in Croatia and in Bosnia and Herzegovina, respectively.
Interestingly, the three new variants resulted very close to their closest
counterparts at GenBank, whereas less close to other FMV Italian iso-
lates, although they were also included in subgroup 1.
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Fig. 4. (A) Quinic and (B) succinic acid contents in fig mosaic virus (FMV) negative (FMV-, white), asymptomatic FMV positive (As/FMV-, gray) and symptomatic
FMV positive (Sy/FMV+, black) leaves of common fig cv. Dottato. Data are shown as mean =+ standard deviation. F-values and P-levels from a one-way ANOVA are
shown in the top-right corner of panels. According to Tukey’s post-hoc test, different letters indicate significant differences among means (P < 0.05).

4.3. FMV impaired photosynthesis and organic acid biosynthesis in
symptomatic leaves, but negative effects occurred also in asymptomatic
ones in terms of photosynthetic and accessory pigments

Compared to the large number of diagnostic and molecular charac-
terization studies on phytoviroses, less investigations have been carried
out on the effects of viral pathogens on plant physiology and function.
To the best of our knowledge, only Zare et al. (2021) investigated such
fig tree/FMD interactions, in Iran. The present study pioneering evi-
denced the capability of FMV of decreasing fig CO5 assimilation rate due
to both stomatal limitations and mesophyll impairments, while no
negative effects were observed at water status level. Mesophyll im-
pairments seem in accordance with previous studies reporting the
FMV-associated microscopic alterations in terms of occurrence of
double-membrane bodies (Appiano et al., 1995; Caglayan et al., 2009);
whereas unchanged water content was previously reported in symp-
tomatic and asymptomatic kale leaves infected by turnip mosaic virus
(TuMV; Sevik and Canzis, 2021). However, these photosynthetic im-
pairments occurred only in positive and symptomatic leaves (A and g,
while C; did not accumulate), suggesting that these negative effects did
not occur in the first phases of leaf FMV infection, accordingly to the lack
of visible symptoms.

Actually, an FMV-induced reduction of chlorophyll content was
observed also in infected asymptomatic leaves, even if at a lower rate
than in symptomatic ones, partially according with Zare et al. (2021).
This outcome suggests that also asymptomatic leaves started to be
impaired by FMV, which likely still had to reach the detrimental con-
dition observed in symptomatic ones. The degradation of photosynthetic
(i.e., chlorophylls) and accessory pigments (i.e., carotenoids) was
already reported in plants infected by viruses (e.g., Espinoza et al. 2021),
as well as to other environmental stressors (e.g., Cotrozzi et al., 2018;
Pellegrini et al., 2018), signifying that the chloroplast ultrastructure and
pigments were impaired. Indeed, also Vio content resulted reduced in
infected asymptomatic samples, while no significant effects were re-
ported in symptomatic ones, curiously. This divergence might be due to
a specific xanthophyll cycle regulation for signaling and/or defense
against oxidative stress in the first phase of FMV infection (Latowski
etal., 2011). Overall, these results confirm the importance of monitoring
also asymptomatic samples. No other significant differences were
observed in terms of leaf pigment contents, except for lutein and VAZ
that decreased only in infected symptomatic leaves, indicating that FMV
impaired the capability of fig leaves to cope with oxidative stress by
carotenoid accumulation and xanthophyll cycle regulation (Latowski
etal., 2011; Jahns and Holzwarth, 2012). Actually, virus-induced loss of
plant capability to activate such strategies against oxidative stress was
previously reported (e.g., Plum pox virus in peach; Hernandez et al.,

2004).

Abovementioned photosynthetic impairments did not result in a
decrease of sugars. Although a high variability was reported among
samples (likely due to the fact that the experimental activities were run
under field conditions), the lack of significant effects on glucose, fruc-
tose and sucrose contents, was not in accordance with Zare et al. (2021),
which instead showed sugar accumulation in infected symptomatic
leaves. Conversely, the reduction of both quinic and succinic acid con-
tents observed only in symptomatic leaves confirmed that most detri-
mental effects occurred in the later phases of FMV infection, accordingly
to photosynthetic alterations reported above. Actually, contrasting re-
sults were previously reported in terms of virus effects on both sugar and
organic acid contents in leaves (e.g., Llave, 2016; Lopez-Gresa et al.,
2012; Kogovsek et al., 2016), thus further investigations are encour-
aged, also in fruit tissue.

5. Conclusions

Although many studies on FMD were carried out in Southern Italy,
the present study represents the first identification of the disease in
another Italian area. Investigating trees of common fig cv. Dottato,
belonging to the old Tuscan germplasm, this work (i) showed that FMD
is present also in Central Italy, also suggesting a much wider diffusion
than what has been reported so far; (ii) confirmed that the disease is
caused by FMV, tested positive in both symptomatic and asymptomatic
leaves (also FFKaV was reported); (iii) identified three new FMV isolates
(i.e., Dot-1, Dot-2 and Dot-3), which resulted not close to other FMV
Italian isolates; and (iv) pioneering elucidated that FMV impaired
photosynthesis and organic acid biosynthesis in symptomatic leaves, but
negative effects occurred also in asymptomatic ones in terms of photo-
synthetic and accessory pigments. More research should be carried out
to improve our knowledge on FMD diffusion and FMV (and FFKaV)
genetic features, as well on the effects of this regulated non quarantine
pest on fig trees, also investigating its fruits representing an ancient
source of food and health.
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