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Abstract

Background Cucurbita pepo L. cultivars display high morphological traits variation. In addition, C. pepo faces
numerous threats, such as viral and fungal infections, which significantly influence crop cultivation. Recent genomic
advancements improved the understanding of genetic diversity and stress responses in this crop. We investigated
genetic variations related to plant morphology and quality traits. Additionally, the inclusion of both powdery mildew
(PM) and Zucchini yellow mosaic virus (ZYMV) susceptible and tolerant varieties facilitated the examination of genetic
diversity concerning biotic stress.

Results The sequencing of eight Cucurbita pepo varieties produced an average of 40 million raw reads with a
coverage of reference genome ranging from 22 to 40X. More than 4.7 million genomic variants were identified in all
genomes. Based on admixture and PCA analysis, the eight C. pepo genotypes were grouped in two clusters belonging
to Cocozelle and Zucchini groups, with “Whitaker” separated from the rest of the accessions. Genes involved in
pathways related to gibberellin regulation, leaf development, and pigment accumulation resulted highly affected by
variation suggesting that the diversity observed among varieties in plant and fruit morphology could be related to
variants identified in such genes. Each variety showed its own set of genetic differences. The genomic comparison

of 381e, 968Rb and SPQ allowed the identification of variants in chromosome regions affecting response to Zucchini
yellow mosaic virus (ZYMV) and powdery mildew (PM). Variants in key genes associated with resistant traits were
identified, suggesting potential pathways and mechanisms involved in biotic stress response and plant immunity.

Conclusions Genetic variations affecting morphology and fruit quality in C. pepo emphasize their significance for
breeding efforts. Furthermore, the genomic comparison of 381e, 968Rb and SPQ highlighted variants in chromosomal
regions influencing zucchini's response to PM and ZYMV. These findings could pave the way for more targeted and
effective genetic improvement strategies, thereby potentially leading to increased agricultural productivity and
quality.
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Background

Cucurbita pepo L. (2n=2x=40) is the most widely grown
and polymorphic of the Cucurbita species [1] and it is
an economically important crop in many countries [2].
Two distinct subspecies of C. pepo originated in two
independent events, C. pepo ssp. pepo, and C. pepo ssp.
ovifera [3]. Within the two subspecies, cultivars varying
for growth habit, leaves size and shape and fruit mor-
phology and texture [4, 5], are classified in eight horticul-
tural groups. The Pumpkin, Vegetable marrow, Cocozelle
and Zucchini groups belong to C. pepo ssp. pepo L. and
the Acorn, Scallop, Crookneck and Straightneck groups
belong to C. pepo ssp. texana (Scheele) Filov (syn ssp.
ovifera (L.) Decker) [4-7].

Metabolic pathways regulating the synthesis of specific
compounds, including phytohormones and pigments,
influence important traits. For instance, plant dwarf-
ism is related to the biosynthesis and signalling of gib-
berellins [8]. On the other hand, cell wall expansins [9]
are involved in root growth, stem elongation and leaf
enlargement. Metabolic pathways that control the accu-
mulation of pigments such as carotenoids, flavonoids and
anthocyanins modulate colour of fruit [5]. Genes control-
ling fruit shape, locule number and overall fruit morphol-
ogy are highly conserved across species. SUN controls
fruit elongation both in tomato (Solanum lycopersicum
L.) [10] and cucumber (Cucumis sativus L.) [11] as well
as the SFI gene, encoding a RING-type E3 ligase [12].
LONGIFOLIA 1 and LONGIFOLIA 2 have been found to
produce slender grains in rice [13]. CLAVATA (CLV) and
WUSCHEL (WUS) genes affect locule number in various
species [14, 15].

Cucurbita pepo is affected by several treats, including
virus, fungi and pests. Viruses, such as Zucchini yellow
mosaic virus (ZYMV), Cucumber mosaic virus (CMV),
Tomato leaf curl New Delhi virus (ToLCNDYV), trans-
mitted by aphids and whiteflies can significantly limit
zucchini cultivation [16]. One of most destructive viral
diseases affecting C. pepo crops is ZYMYV that belongs to
the highly virulent single-stranded RNA potyvirus group
and is transmitted by various aphid species in a non-
persistent manner [17]. Symptoms in C. pepo affected
by ZYMYV include the development of green blisters,
leaf deformation, severe stunting and a mosaic pattern
on leaves [17-19]. Beside viral infections, other patho-
gens also contribute to pumpkin and squash produc-
tion decrease. Powdery mildew, caused by Podosphaera
xanthii (Castagne) U. Braun and N. Shish (PM) and
Golovinomyces orontii (Castagne) V.P Heluta, can cause
extensive damage and is challenging to control [20, 21].

Despite the significance of genetic and genomic
resources for this crop species, the advancement of
trait mapping and gene discovery has been relatively
delayed compared to other cucurbits species [22, 23]. The
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sequencing of the C. pepo reference genome, MU-CU-
16, classified as zucchini type, was released in 2018 [24].
Subsequently, the genome resequencing of several C.
pepo varieties was performed to investigate the genetic
diversity present in different morphotypes [25-27].
The availability of the zucchini genome also allowed
the exploration of the molecular basis of ZYMV toler-
ance through omics approaches. For example, a recent
genomic scanning performed to identify the candidate
genes involved in ZYMV tolerance [28] showed the
presence of SNPs in genes located on chromosome 8
(LGO8SNP4) and chromosome 1 (LGO1SNP1) and corre-
lated with the ZYMYV tolerance.

In this work, we re-sequenced eight varieties that were
employed as founders of a MAGIC population, analysing
the genetic diversity of the selected cultivars. Moreover,
we explored the variation in genes implicated in plant
morphological and quality traits. Finally, the presence of
varieties tolerant and susceptible to virus and tolerant to
fungus [29] within our dataset, allowed us to explore the
genetic diversity related to biotic stress.

Results

Sequencing and assessment of genomic diversity

The sequencing of the eight zucchini varieties resulted in
an average of 40 million raw reads with a minimum value
of 28,804,339 reads in “Nano verde di Milano” (NV) and
a maximum value of 52,915,127 reads in “Whitaker”. The
average mapping rate of the trimmed and filtered reads
ranged from 98.7 to 90.54%. The higher mapping value
was provided by “Lungo Bianco di Sicilia” (BDS) and
the lower value by “Striato d’Italia” (SI). The sequencing
of these 8 C. pepo accessions may facilitate the identifi-
cation of specific variants in founders employed for the
development of a MAGIC population. Knowledge of the
parental genome that will be transmitted to the offspring
improves the accuracy of genetic association studies for
traits of interest. We identified an average of 1.3 million
of raw variants, including SNPs and IN/DEL, in each
sample, and 4.7 million raw variants considering the
eight varieties all together. After filtering, the number of
SNPs was reduced to an average of 485,120 per sample
and 3,831,907 in the all-varieties dataset whilst the num-
ber of IN/DEL was reduced to an average of 50,968 per
sample and 387,243 in the all-varieties dataset (Table S1).
The nucleotide changes identified in our analysis were
classified based on their presence in our samples. Spe-
cifically, 150,217 variants (141,714 SNPs, 4,596 insertions
and 3,907 deletions) resulted common to 87.5% of indi-
viduals. Additionally, 2,111,951 variants (1,915,792 SNPs,
96,602 insertions and 99,557 deletions) were observed
in the 12.5-87.5% of individuals. Lastly, the 12.5% of the
individuals was affected by 1,302,967 unique variants
(1,180,581 SNPs, 56,966 insertions and 65,420 deletions).
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By comparing the distribution of variants along the
chromosomes (Figure S1) we inferred the different den-
sity of variants between varieties. “Whitaker” showed the
higher frequency, while 381e and 968Rb showed the low-
est number of variants. The higher frequency observed
n “Whitaker” may due by the higher number of mapped
reads and to its genetic background [30]. In general, the
distribution of variants found along the different chro-
mosomes was homogenous (Fig. 1; Figure S1). The aver-
age read depth across the eight varieties was 29.7, with
“Whitaker” exhibiting the lowest value (22.3) and 968Rb
the highest (45.6) (Fig. 1, Table S1).

Exploring the genetic relationship among varieties

In order to infer the ancestral genetic structure of our
samples, an admixture-based clustering analysis was per-
formed. Two genomic clustering models (K=4 and K=3)

BDS chr6

& 5

) i

© H

o S

gmo» = . : = 0 ‘ler S

o - YIRS SN TIRR W GO T INRVITERPO) o VTP RIEY 0 PHW - SE% | iM‘x'ﬂ‘m&:i"
SPQ chr6

o

)

© : !

% 100- i . ! L = ' H

© T e e T L L TP L et .n-' o AL ,-ndl'nhu Vj“ﬂh i !
NV chr6

Coverage
{4

-

=3

B

&

L2

Id

1)

[

13

F

'

i

£

&=

E

¥

H

- L
ir". L
=

£.. .
&

= :

e e e o e (5 T

| R el

OF chr6
Q
n
o
(] . : li .
31" . : T T P e s el
o . PRSOGT R VIFOP S TS RIS o o m.ﬂk%mb&i-ﬂ‘ﬂ;&iﬁn.d‘w

Sl chr6
[ B :
g ! =
[S) : e
o SR R SRR SWPLAIOS NN SEPTH SRR TP, - § THL N ....m“..l.umu'..m.nw,m

WHITAKER chré
()
o0
o
2 o0 ‘ ==
o' T = T '
o ; ot o o ibuinting

381e chr6
[
[V}
o
[
> 100-
o 1
Ol o el bt i

968Rb chré
[J] : ' ' . '
oo A ¢
& : BRL ¥ O I
[ 3 : i -2 S |
sm' . L i . . H I }.; iR ’-.!: K 1
o . POV SRR YT SR PRRPRPRT G | (ROl S G G 7 IO ¥ Y il il |

0

Position on chromosome (Mb)

Page 3 of 18

were obtained (Fig. 2). The structure based on four sub-
groups showed a first cluster, including BDS, SPQ and SI
and a second cluster composed of 381e and 968Rb and
NV, showing mixed background, “Whitaker” and OF
remained ungrouped (Fig. 2A). Applying a value of K=3,
OF was merged with the first subgroup (BDS, SPQ and
SI) while NV was included within the 381e and 968Rb
subgroup (Fig. 2B).

PCA built up on genotypic data displayed that the vari-
eties were divided into three major clusters according to
the morphological characteristics. The first two principal
components (PC1 and PC2) explained 38% and 18.4% of
the total variance, respectively (Fig. 3A). The clustering
obtained through PCA is in accordance with the results
obtained in the previously admixture-based analysis.
Zucchini varieties clustered together, NV clustered with
zucchini varieties, close also to the Cocozelle group. In
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Fig. 1 Single-nucleotide polymorphisms (SNPs) coverage and density along the chromosome VI in eight accessions of Cucurbita pepo. Up to down,
BDS (“Lungo Bianco di Sicilia”), SPQ (“San Pasquale”), NV (“Nano Verde di Milano”), OF (“Ortolano di Faenza”), SI (“Striato di Italia”), “Whitaker’, 381e, 968Rb
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ment to each of genetic groups (K=4, indicated by colors). (B) Probability of individual assignment to each of genetic groups (K=3, indicated by colors)
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Fig. 3 Assessment of genomic relationships of eight accessions of Cucurbita pepo: BDS, NV, SPQ, OF, SI,"Whitaker’, 381e, 968Rb. (A) Principal component
analysis (PCA) of analyzed varieties. (B) UPMGA tree of eight C. pepo varieties. Zucchini group is colored in green and Cocozelle group in orange, while

“Whitaker”is colored in blue

Table 1 Unique SNPs in the eight varieties. BDS (Lungo Bianco Di Sicilia), NV (Nano Verde Di Milano), SPQ (San Pasquale), OF (Ortolano

Di Faenza), Sl (Striato Di Italia), “Whitaker” 38 1E and 968Rb

BDS NV SPQ OF Sl WHITAKER 381E 968Rb
No of SNPs 52,928 20,129 39,323 70,163 47,207 815,131 128,336 7,364
9% high effect SNPs 0.043 0.037 0.063 0.051 0.036 0.04 0.048 0.039
% low effect SNPs 2.085 2207 2.15 2.144 2015 2.31 3.049 1.798
% moderate effect SNPs 142 1.55 1.489 1514 1.337 1.531 1.779 1.223
9% modifier effect SNPs 96.452 96.206 96.298 96.291 96.612 96.119 95.124 96.939

the latter group, SI and BDS were located very close and
OF was located at bottom right side. “Whitaker” was on
the opposite quadrant close to the left horizontal axis.
The consensus phylogenetic tree (Fig. 3B) confirmed that
the varieties were organized in two clusters belonging to
Cocozelle and Zucchini group and that “Whitaker” was
separated from the rest of the accessions.

Private SNPs identification and functional annotation

High quality homozygous and heterozygous alterna-
tive sites, differing from the homozygous reference allele
were identified in all varieties. This resulted in 1.18 mil-
lion unique SNPs across the eight varieties, although 815
thousand of these private sites were identified in “Whita-
ker” (Table 1). A SnpEff analysis was performed on the
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variants in all eight varieties together (all-varieties vari-
ant calling set) to identify a set of genetic variants hav-
ing a potential biological effect. The majority of potential
functional SNPs displayed a modifier impact, followed
by the low impact, moderate impact and high impact
(Table 1). In our study, we identified a total of 49,828
high-effect SNPs that were specific to only one variety. In
total, 983 genes have been significantly affected by these
SNPs across all eight varieties examined (Table S2). These
SNPs may play a crucial role in the observed phenotypic
differences among the different varieties. Each zucchini
variety had its own set of distinct genetic differences in
comparison to the others. “Whitaker” and 381e stood
out as they possessed the highest number of unique or
private SNPs. In the case of “Whitaker’, this is likely due
to its derivation from multiple parental sources, which
could account for the increased genetic diversity and
unique SNPs. Additionally, 381le possesses introgres-
sions linked to its resistance against ZYMYV, where three
associated QTLs (SNP1, SNP2, and SNP3) were identi-
fied [31, 32]. This finding could explain the abundance
of private SNPs observed in this variety. We observed an
uneven distribution of unique SNP proportions across
different chromosomes, with a notable higher proportion
of unique SNPs in variety 381e on chromosomes 1, 8, and
18. Also, 968Rb possesses an introgression associated
with PM resistance [33] and exhibits a higher proportion
of unique SNPs on chromosome 10 (Table S3). This find-
ing suggested that 381e and 968Rb genomes hold specific
regions with higher diversity that can allowed us to high-
light potential candidate genes related to ZYMV and PM
resistances respectively.

Genes involved in plant and fruit morphological traits

As a result of the SNP calling performed for the eight
varieties, a multitude of variants related to the mor-
phological traits were discovered. All genotypes tested
showed a bush growth habit phenotype, except BDS
and NV that exhibited a semi-trailing growth habit.
Gene candidates for the dwarf phenotype (Table S4),
involved to the gibberellin metabolic pathway were
assessed to identify variants. Interestingly, the C. pepo
gene Cp4.1LG10g05910, involved in the dwarf growth
habit [34] not exhibited variants either in BDS and NV.
By contrast, variants in Cp4.1LG12g07890, an ortho-
logue of a gibberellin 3-beta-dioxygenase 2-like gene
related to the dwarf phenotype in C. moschata [35] were
found only in BDS and NV. Likewise, Cp4.1LG18g03150,
annotated as gibberellin regulated protein had variants
both in BDS and NV, suggesting that the semi-trailing
habitus could be related to mutated genes in the gib-
berellin pathway. In addition, variants in four genes
related to the expansin family were identified in the
same genotypes (Cp4.1LG02g13490, Cp4.1LG04g14850,
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Cp4.1LG04g04730 and Cp4.1LG15g06270). Finally,
two SNPs in the purine permease 3 and nitrate regu-
latory gene 2 protein-like (Cp4.1LG11g04650 and
Cp4.1LG11g08000), reported as related to growth habit
traits [36, 37] were also observed in semi-trailing geno-
types. Four different orthologues genes, described as
involved in leaf shape, showed SNPs with modifier effect
only in the medium lobed leaf genotypes (BDS, NV and
SPQ). While the deeply lobed leaf genotypes OF, “Whita-
ker’, SI, 381e and 968Rb showed the same allele as the ref-
erence genome MU-CU-16, classified as deeply incised
leaves [38]. Variants in BDS, NV, and SPQ were observed
in key genes associated with leaf development. Specifi-
cally, in the class I KNOTTED1-like homeobox proteins
(Cp4.1LG02g06180), involved in regulation of the leaf
shape in tomato [39], and in Cp4.1LG07g06690 and
Cp4.1LG09g01450, Homeobox-leucine zipper proteins,
transcription factors related to deeply lobed leaf struc-
tures [40]. Additionally, the AP2-like ethylene-responsive
transcription factor ANT (Cp4.1LG11g01170), involved
in palmately lobed leaf traits [41], exhibited variations
(Table S4).

The eight varieties clearly showed phenotypic variabil-
ity in fruit shape. The four Cocozelle varieties (SI, BDS,
SPQ, OF) displayed variants with moderate or modi-
fier effect in six genes encoding a WUSCHEL-related
homeobox like, involved in the LOCULE NUMBER
(LC) trait [14, 42] (Table S4). Likewise, five genes anno-
tated as calmodulin-binding protein showed SNPs with
moderate modifier effect (Table S4). SNPs with modifier
effect have also been observed in these four accessions
for genes involved in fruit morphology, such as recep-
tor protein kinase CLAVATAI-like (Cp4.1LG02¢g08230)
[43]; protein LONGIFOLIA 1-like (Cp4.1LG04g14520
and Cp4.1LG20g00830) [13, 44]; OVATE FAMILY PRO-
TEINS (OFPs) (Cp4.1LG19¢08040) [45] and E3 ubiqui-
tin-protein ligase RING1-like (Cp4.1LG11gl11400) [12]
(Table S4).

The fruit color is another important factor involved
in fruit quality. Seven of the eight varieties have the
same rind color, being BDS the only white variety,
which allowed us to search for SNPs with for alter-
native allele respect the reference genome (MU-CU-
16, green rind). By filtering for SNPs with high and
moderate effect, we found BDS variants in two genes
related to the carotenoids pathway (Cp4.1LG03g0478
and Cp4.1LG05g11360) and in two genes related
to the chlorophyll pathway (Cp4.1LG04g08850 and
Cp4.1LG13g11170) [46]. In addition, three genes pre-
viously reported as up-regulated during the synthe-
sis of carotenoids in C. pepo with orange and yellow
peel [47] such as the transcription factor bHLH82-
like (Cp4-.1LG04g09000), the two-component
response regulator-like APRR2 (Cp4.1LG05g02070)
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and the transcription termination factor MTERF4
(Cp4.1LG0O7g08650) showed variants in BDS. Fur-
thermore, BDS variants with high or moderate effects
were found in Cp4.1LG05g01000; Cp4.1LG05g10310;
Cp4.1LG14g02760 and Cp4.1LG14g02300 (Table S4).
The analysis revealed candidate genes potentially asso-
ciated with key horticultural traits in parental lines of a
MAGIC population. These genes are of particular inter-
est because they are involved in physical characteristics
such as growth habit, leaf shape, fruit skin color, and fruit
shape, providing the basis for further studies on their
inheritance.

Variants in genes involved in biotic stress
Among the zucchini varieties analyzed in this study,
there were two isogenic lines to TF, 968Rb and 38le,
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one resistant to powdery mildew (PM) and one tolerant
to ZYMYV, respectively, as well the variety SPQ reported
as susceptible to both diseases [32]. In order to identify
putative chromosomal regions harboring genes respon-
sible for the different response to the fungus and virus,
the variants distribution of the three genotypes was com-
pared along the zucchini genome. A non-uniform pattern
of SNP and IN/DEL distribution was observed for some
chromosomes, especially for the chromosome 1, the
chromosome 8 and the chromosome 10.

A higher variants density was identified in 968Rb, in a
region ranging from 1.0 to 2.8 Mb at the beginning of the
chromosome 10 (Fig. 4A). By analyzing in the detail this
region, we found putative genes related to biotic stress
affected by variants. Many genes with high or moder-
ate effect were identified related to the receptor kinase,

A 381e SNPs chr10
[ Cp4.1LG10
22007
@ 1504
8 1004
2 s0q ‘
2 i oo dluds s Ll idili . 1u b il dld e A
0e+00 16406 2e+06 3e+06 4e+06 5e+06 6e+06 7e+06 8e+06 9e+06
Position in the genome (Mb)
968R SNPs chr10
Cp4.1LG10
2200
@ 150
8 100
o
5 L ‘
z
[z : il e Aldii bl sl sa 1t ada lle i L L
0e+00 16406 26406 3e+06 4e+06 6e+06 7e+06 8e+06 9e+06
Position in the genome (Mb)
SPQ SNPs chr10
Cpa.1LG10
‘2,3[)[)
k7]
S 200
<
a 100
z
®» o
0e+00 14406 2e+06 3e+06 4e+06 6e+06 7e+06 8e+06 9e+06
Position in the genome (Mb)

o

Le10 n

'\

2Mbp 4Mbp 6Mbp 8Mbp

4116 10s04e70
411610904600
Cpa.1LG10g04370
Cpa.1LG10g03420
Cpa.1LG10g02850

Gene Functional description

—

p4.1LG10g04780

T T T
1.5Mbp 2Mbp 2.5Mbp

|| CP4.1LG10g02780 GLABRA2 expression

modulator-like

Cp4.1LG10g02750 | NBS-LRR protein

Cp4.1LG10g02760 transcription factor

HHOS5-like

T T
1.5Mbp 2Mbp

Cp.1LG10g04880

Cpa.1LG10g04220
Cpa.1LG10g03610

)
Mg

Cp4.1LG10g02770 protein misato

homolog 1 isoform X1

GRAM domain-
containing protein

Cp4.1LG10g02800

r T T
1.5Mbp 2Mop 25Mop

1
3Mbp

Fig. 4 (A) SNP density along the chromosome 10 in 381e, 968Rb and SPQ. (B) Genes affected by variants and located on the chromosome 10, in the

region of high SNP density for 968Rb, between 1 Mb-2.8 Mb



Pérez-Moro et al. BMC Genomics (2025) 26:335

TE, cell wall metabolism etc. (Fig. 4B). Genes specifically
affected in 968Rb included: a MAP3K5-like isoform X1
(Cp4.1LG10g02640) with an IN/DEL with disruptive
inframe deletion, the dof zinc finger protein DOF1.4
(Cp4.1LG10g04940), the serine/threonine-protein
kinase-like protein CCR1 (Cp4.1LG10g04780). In addi-
tion, a moderate effect IN/DEL influenced the 968Rb
peroxidase (Cp4.1L.G10g04730), located at the beginning
of the chromosome 10 (at 1192530 Mb), implicated in
defense to fungus. Among the cell wall related genes, a
pectate lyase (Cp4.1LG10g04500) was altered by two IN/
DELs with modifier effect. Interestingly, genes belong-
ing to a cluster composed of TFs and resistance proteins
were affected by variants (Fig. 4B, blue inset and table).
In addition, 968Rb and SPQ showed the presence of vari-
ant with modifier effects in the susceptibility gene, MLO
gene (Cp4.1L.G10g05200, CpeMLO11), but in a different
location. The Cp4.1LG10g03270 WAT1-related protein,
Cp4.1LG10g03390 and Cp4.1L.G10g03520 showed IN/
DELs with moderate effect in 968Rb and in SPQ but not
in 381e. The receptor kinase Cp4.1L.G10g01720 and the
kinase Cp4.1L.G10g12160 showed in the three genotypes
moderate and modifier variations with different location.

A relevant difference between the variant distribution
in 381e and SPQ and in 968Rb was also identified on the
chromosome 8. For what concerned the SNPs, the region
ranging from 4.0 to 4.2 Mb, and the region around the
6 Mb showed a higher density in 381e. On the other
hand, SPQ showed a high density of SNPs around 3 Mb
(Fig. 5A and B).

Among the genes affected by variations, some are
putatively related to biotic stress being involved in cell
wall metabolism, small RNA mediated resistance, tran-
scription, regulation of transcription, RNA process-
ing, chromatin remodeling, and translation repression
(Fig. 5B). The gene Cp4.1LG08g00040, harboring the
LGO8SNP4 reported by Amoroso et al. [28], was affected
in both 381e and SPQ by mutations, as well as the gene
Cp4.1L.G08g01460, containing LGO8SNP1 [28].

On the chromosome 1, two regions with SNP den-
sity differing among the genotypes were identified. A
region around 17-17.7 Mb showed a higher number of
variants in 381e while a region around 6-6.4 Mb had a
higher number of variants in SPQ (Fig. 6). In the region
around 17 Mb, (Fig. 6A, red inset, Fig. 6B, zoom of the
red inset), were highlighted genes affected by muta-
tions only in 38le such as the N-acetyltransferase
domain-containing protein (Cp4.1LG01g24380), the
Histone acetyltransferase (Cp4.1LG01g20150), the leu-
kotriene A-4 hydrolase homolog (Cp4.1LG01g24170.1),
the protein RNA-directed DNA methylation 3-like
(Cp4.1LG01g24630) and RNA binding proteins
(Cp4.1L.G01g19740.1, Cp4.1LG01g20260). In addition,
Cp4.1LG01g20160 harbored high effect mutations in
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381le as well as modifier mutations in all genotypes (16
in 381e and 5 in SPQ and 10 in 968Rb). The LGO1SNP1,
associated to ZYMYV resistance [28] was located in the
gene Cp4.1L.G01g18580, that showed 42 modifier muta-
tions in 381e. Near this gene there were two RNA poly-
merases (Cp4.1L.G01g18460 and Cp4.1L.G01g19120) with
moderate and high variants in 381e.

By focusing on the region around 6 Mb of the chro-
mosome 1 (Fig. 6A, blue inset), only SPQ showed a SNP
peak (Fig. 6C, zoom of blue inset), including a clus-
ter of four cucumisin-like genes (Cp4.1LG01gl10880,
Cp4.1L.G01g10970, Cp4.1LG01g11000 and
Cp4.1LG01g10900) with a series of moderate and modi-
fiers mutations only in this genotype. In this area, among
the others, the Cytochrome P450 (Cp4.1LG01g11290)
was affected by a high number of variations. Our com-
parative analysis of SNP distribution among accessions
with known disease resistance, such as ZYMV and PM,
revealed distinct patterns in chromosomal regions that
might contain resistance-related genes, allowing the
identification of potential candidate genes involved in
resistance mechanisms.

Discussion

In the present work, a total number of 3,831,907 high
quality SNPs and 387,243 high quality IN/DELs were
obtained in an average of 40 million raw reads of eight
C. pepo accessions employed to develop a MAGIC
population. Our results are in accordance with num-
ber of variants found in Xanthopoulou et al. [26], which
sequenced eight cultivars of C. pepo, with BGISEQ-500
platform identifying 3,823,977 high confidence SNPs
using a similar pipeline. By contrast Martinez-Gonzalez
[27], sequenced a total of 95 Mexican C. pepo landra-
ces from various subspecies (C. pepo ssp. pepo, C. pepo
ssp. fraterna, C. pepo ssp. ovifera var. ovifera, and com-
mercial cultivars) using Ion Torrent technology, identify-
ing approximatively 2000 SNPs. Genomic data obtained
from parents of MAGIC populations through the GBS
approach may allow better prediction of recombina-
tion and candidate gene function. Once analyzed at the
genetic level in offspring, they will contribute to the
development of more efficient breeding strategies.

Genetic variability

The genetic variability captured in our dataset was
explored using different tools. The population structure
analysis showed that the varieties analyzed are organized
in 3—4 groups. Similar results were obtained in previ-
ous studies conducted on C. pepo traditional varieties
collected in Guatemala and assessed by microsatellite
markers [25]. Admixture analysis showed that the seven
C. pepo cultivars were organized in four genetic clusters.
Martinez-Gonzdalez [27] also reported that the genome
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structure of 88 accessions allowed to obtain from 2 to 4
clusters. Capuozzo et al. [32] used the Illumina Golden-
Gate for genotyping nine C. pepo accessions, observing,
through the PCA, two distinct Zucchini and Cocozelle
groups, with tight clustering of near-isogenic lines 968Rb
and 381le. Formisano et al. [29], comparing 17 C. pepo
subsp. pepo accessions using AFLP, obtained a phyloge-
netic tree with three main branches, including Zucchini
cultivars cluster, a Cocozelle cluster and a hybrid clus-
ter, including Zucchini and Cocozelle shapes. Our data,
through PCA and phylogenetic analysis, also showed
the four Cocozelle accessions (“Lungo bianco di Sicilia’,
“Striato di Italia’, “Ortolano di Faenza’, “San Pasquale”)
clustering together as well as the zucchini nearly isogenic
lines 381e and 968Rb [33] and “Nano Verde di Milano’,
consistently with previous studies [29, 32]. On the con-
trary, Formisano et al. [29] reported higher genetic simi-
larity between SPQ and OF than between BDS and OF.
The higher proximity observed between OF and BDS in
our data may due to the different markers discriminatory
power. The polymorphism identified by AFLP markers
is related to combination of primers used. Instead, SNP
markers are distributed across the genome and have a
higher resolution ability [48].

Finally, “Whitaker” exhibits a complex pedigree,
with four different species among its parents, including
Cucurbita ecuadorensis (resistant to ZYMV and Papaya
ringspot virus) [49, 50] C. okeechobeensis spp. martinezii
(resistant to CMV, Tobacco ringspot virus and PM) [51,
52] and C. moschata [30, 53]. These multiple introgres-
sions accounted for a significant number of SNPs when
compared to the C. pepo reference genome and a large
number of unique SNPs, likely derived from wild species.

Ensuring the selection of parental lines for the devel-
opment of a MAGIC population with high genetic and
morphological variability is a crucial step. The unique
SNPs discovered in each variety could be the result both
of natural genetic variation and specific breeding efforts
that have led to genetic divergence among the variet-
ies. Identifying exclusive SNPs provides valuable infor-
mation about the genomic diversity within the zucchini
population and can have implications for understand-
ing trait variations, genome evolutionary history and
genome-wide tracking. Specific variants in only one indi-
vidual suggests possible association with specific traits.
On the other hand, the variants affecting the range of
12.5-87.5% of individuals indicates moderate diversity,
with potential implications for adaptability and pheno-
typic variability. SNPs common to 87.5% of individu-
als suggest more conserved genomic regions that could
be related to key biological functions. The distribution
of the identified variants along the chromosomes was
homogenous consistent with [26] findings. However, dis-
crepancies in the SNP counts among the eight different
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varieties, particularly in “Whitaker’; 381e, and 98Rb, were
observed. Notably, “Whitaker” exhibited a higher num-
ber of SNPs, which as reported above can be attributed
to wild species introgressions [30]. Conversely, NV, 381e,
and 968Rb displayed the lowest number of SNPs, likely
attributable to their closer genomic resemblance to the
reference genome MU-CU-16, as they all belong to the
Zucchini group.

Variation in genes related to horticultural traits

Variation among genes involved in pathways implicated
in plant morphological traits was found. Plant archi-
tecture traits are important for improving agricultural
efficiency and reducing the production costs [54]. Inter-
estingly, Cp4.1LG12g07890 (gibberellin 3-beta-dioxy-
genase 2-like gene), orthologue to CmoCh08G006170
(Gibberellin 3-beta hydroxylase), candidate gene for the
dwarf phenotype in C. moschata [35], showed several
variants in both semi-trailing genotypes, BDS and NV. In
addition, other genes involved in the gibberellin pathway
such as Cp4.1LG12g07890 and Cp4.1LG18g03150, were
affected by variants in both BDS and NV. Furthermore,
expansin genes, associated with height in oil palm [55]
and long stem internode in wheat [56, 57], harbored sev-
eral variants (i.e. Cp4.1LG02g¢13490, Cp4.1LG04g14850,
Cp4.1LG04g04730 and Cp4.1LG15g06270) in semi-
trailing genotypes. SNPs with moderate effect were also
observed in purine permease 3 (Cp4.1LGI11g04650)
involved in plant height increasing [36, 58]. It is impor-
tant to point out that the nitrate regulatory gene2
protein-like (Cp4.1LG11g08000), that promotes shoot
organogenesis in cytokinin-dependent manner [59],
was affected by variants in BDS and NV. The combinate
action of cytokinin and nitrate reductase can affect the
cell cycle activity and cell wall integrity [60].

Leaf shape and size can affect sunlight penetration,
photosynthetic supply of nutrients, air exchange, light
energy absorption, water transport, disease occurrence
and crop quality and yield [40]. It is worth to observe
that three homeobox genes, previously associated to leaf
shape [39, 40], presented variants in the medium lobed
leaf genotypes, BDS, NV and SPQ. Cp4.1LG02g06180
belongs to the class I KNOTTEDI1-like homeobox
(KNOX) proteins, involved in auxin efflux transporter
and promoting leaflet initiation [39]. REVOLUTA-like
(Cp4.1LG07g06690) and HAT5-like (Cp4.1LG09g01450)
are homeobox-leucine zipper proteins, essential to
obtain simple serrated leaves and deeply lobed leaf [40].
Homeobox-leucine zipper proteins is involved in leaf
shape diversification in the crucifiers [61] and a home-
odomain leucine zipper TF is involved in watermelon
shape variation [62]. Finally, variation was detected in the
AP2-like ethylene-responsive transcription factor ANT
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(Cp4.1LG11g01170) involved in palmately lobed leaf (pll)
in melon [41].

Interestingly, the analyzed varieties showed vari-
ants in orthologous genes reported to be related to fruit
shape in other cucurbit species. In Cocozelle varieties
(BDS, SI, OF and SPQ) and “Whitaker’, variants affected
Cp4.1LG02g08230, encoding receptor protein kinase
CLAVATA1-like (CVL), involved in carpel number varia-
tion in melon [43] and fruit shape index in cucumber
[63]. Variants in Cocozelle varieties were also found in
the WUSCHEL-related homeobox genes, such as in the
tomato LOCULE NUMBER (LC) that influences fruit
shape and size [14, 42, 64]. Some SNPs in Cocozelle vari-
eties were found in genes belonging to protein families
related to calmodulin-binding such as SUN gene, encod-
ing a IQD protein [42, 65], responsible for elongated fruit
shape in tomato, melon and watermelon [66—68]. Proper
subcellular localization of the TRMs (Tubulin-Related
Proteins) is of utmost importance for ensuring accurate
cell division and appropriate deposition of cellular com-
ponents [69]. TRM, such as LONGIFOLIA1 (LNG1) and
LONGIFOLIA2 (LNG2), were reported to regulate leaf
morphology by positively promoting longitudinal polar
cell elongation in Arabidopsis [44] and cell division direc-
tion and cell expansion in cucumber [70]. SNPs with
modifier effect in both LNG1 and LNG2 orthologues
(Cp4.1LG20g00830 and Cp4.1LG04g14520) were found
in SI, BDS, SPQ and OF. Cp4.1LG19g08040 encoding
a probable transcription repressor OFP9, belonging to
OVATE proteins (OFPs), key regulator of fruit shape [45,
71], showed variants in Cocozelle varieties. Finally, muta-
tions found in Cocozelle varieties in Cp4.1LG11g11400,
encoding E3 ubiquitin-protein ligase RING1-like similar
to the SF1 (Short Fruit 1) gene involved the development
of cucumber short fruits were found [12].

Pigment accumulation in zucchini peel is primarily
determined by the proportion of chlorophyll and carot-
enoid contents, the absence of carotenoids will result in
white skin [5], while a high chlorophyll content would
mask the content of lutein and B-carotene, resulting in
green skin [5]. Three genes previously reported as co-
expressed up-regulated during the synthesis of carot-
enoids or degradation of chlorophyll in C. pepo [47] were
affected by variants in the light green genotype BDS as
well as bHLH82 (Cp4.1LG04g09000), bHLH are related
to the carotenoid metabolism in tomato, papaya, and
Citrus unshiu [72], in AtPSY (Phytoene synthase) expres-
sion [73] and pigment accumulation in zucchini peel [47].
Variants in BDS were also discovered in the two-compo-
nent response regulator-like APRR2 (Cp4.1LG05g02070),
homologous to the candidates for light green genotype in
zucchini stem Cp4.1LG15¢03420 and Cp4.1LG15g03360
[74], and in a transcription termination factor MTERF4
(Cp4.1LG07g08650) which, in Arabidopsis leads to
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dysplasia and altered gene expression in chloroplasts and
mitochondria when knock down [75]. In addition, BDS
showed variants with high or moderate effects in: Gera-
niol 8-hydroxylase-like (Cp4.1LG05g01000), involved
in the modification of unstable anthocyanidin and the
formation of eriodyctiol [76], geraniol treatment also
improved anthocyanin accumulation in grape cultured
cells [77]; Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Cp4.1LG05g10310), that in Nicotiana taba-
cum L. in involved in plant size, Rubisco activity, leaf
soluble protein and chlorophyll content [78]; C2H2-
type domain-containing protein (Cp4.1LG14g02760)
and 1l-aminocyclopropane-1-carboxylate synthase-like
(Cp4.1L.G14g02300), associated to the biosynthetic path-
way ethylene [79, 80] and involved chlorophyll degrada-
tion [81]. The results of this analysis offer new insights
into the genetic basis of significant horticultural traits
such as growth habit, leaf shape, fruit skin color and
fruit shape inC. pepo. This knowledge is of particular
value given that the examined accessions are the parental
lines employed in the development of a MAGIC popula-
tion. The identified genes provide a foundation for future
research, allowing for the verification of these candidate
genes once the MAGIC population has been obtained.

Genes related to biotic stress: a focus on powdery mildew
and ZYMV

The comparison of variants distribution along the
genomes of 381e, 968Rb and SPQ highlighted chromoso-
mic regions that can affect genes involved in the response
of zucchini to PM and ZYMYV, in fact 381e is tolerant to
ZYMYV, 968Rb is tolerant to PM and SPQ is susceptible
to both [32].

The genes with variants we found included gene cat-
egories identified as candidate of PM resistance in previ-
ous works such NBS-LRR genes [82, 83], MLO-like genes
[84], cysteine-rich receptor-like protein kinase genes
[85], and transcription factor genes belonging to GATA
[86], WRKY and MYB families [87]. The observation
of the private SNP distribution across 968Rb chromo-
somes highlighted a notable prevalence of unique SNPs
on chromosome 10. A previous QTL mapping studies
with mapping populations of PM resistance in zucchini
have been reported [88], and the disease resistance genes
in this study were localized on chromosome 10. Among
the genes in this region, three (Cp4.1LG10g02780,
Cp4. 1L.G10g02800 and Cp4.1L.G10g02750) contained
RPWS8 domains, one (Cp4.1LG10g02750) also con-
tained a LRR domain and an NB-ARC domain, and the
last (Cp4.1LG10g02760) contained a MYB domain. In
Arabidopsis thaliana, the resistance to powdery mil-
dew protein domain (RPW8) is related to the recogni-
tion of PM and the activation of the subsequent defense
responses [89, 90]. The LRR domain has the function in
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the identification of PM pathogens in Arabidopsis and
wheat [91, 92]. MYB is involved in resistance to patho-
gens in tomato and Arabidopsis [93-95]. It is worth
to note that the activation of Cp4.1LG10g02780 after
PM infection was higher in resistant individuals [96].
In addition, only in 968Rb we found variants affecting
the gene floral homeotic protein APETALA 2-like iso-
form X1 (Cp4.1LG10g02330) similar to the Cucurbita
moschata gene CmoCh3G009850 proved to be involved
in the resistance to PM in pumpkin. The pectate lyase
Cp4.1L.G10g04500 with variants in 968Rb in turn can
affect plant cell wall thickening and PM resistance [97]
as reported in Arabidopsis [98, 99]. Finally, our data out-
lined two WAT1-related proteins (Cp4.1LG10g03270 and
Cp4.1LG10g03390), affected by variants that can provide
broad spectrum resistance [100, 101].

The Mildew Locus O (MLO) gene (Cp4.1LG10g05200)
was affected by one modifier mutation with different
position in both 968Rb and SPQ. Moreover, high effect
variants were identified in 968Rb on Cp4.1L.G14g10200
and Cp4.1LG19g08380 orthologues to melon genes with
proved role in the PM response [102].

Notably, the analysis of 381e chromosome 8 revealed
some genes affected by variants previously identi-
fied as correlated to ZYMV resistance such as the
gene Cp4.1L.G08g00040, harboring LGO8SNP4, and
Cp4.1LG08g01460, harboring the LGO8SNP1 [28]
and the RNA helicases of the DEAD box family gene
(Cp4.1LG08g08000), reported by Capuozzo et al. [32].
The last gene encodes for an important player of RNA
metabolism and chromatin remodeling [103-105].
RNA-based regulation has emerged as a critical layer of
control in plant immunity also in the case of virus infec-
tion [106]. Interestingly, other important RNA metab-
olism actors were affected by variants only in 38le,
such as the guard cell S-type anion channel SLACI1
(Cp4.1LG08g07810), RNA polymerase II transcription
factor B subunit 5 (Cp4.1LG08g07700) histone deacety-
lase complex subunit SAP18-like (Cp4.1LG08g07910)
and a thaumatin-like protein (Cp4.1LG08g07930).
Among the others, it is worth to point out, that the Dicer
(Cp4.1LG08g00150), involved in the RNAi-mediated
antiviral immunity [106] and the transducin beta-like
protein 2 (Cp4.1LG08g01940) having a potential role
in virus translation repression [107], were affected by
mutation in 381. On the same chromosome region, the
NBS-LRR gene (Cp4.1LG08g07980), resulted affect by
34 modifiers in 381e, 7 in SPQ and 4 in 968Rb. A differ-
ent pattern of variant density was also highlighted on the
chromosome 1. By starting from the Cp4.1LG01g18580,
on which was found the SNP (LG0O1SNP1), associated to
the ZYMYV resistance [28], additional specific 381e modi-
fier mutations were identified. This gene belongs to THO/
TREX complex subunit proteins that have a role in small
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interfering RNA-dependent processes in plants [108].
Near this gene were located two RNA-dependent RNA
polymerases (Cp4.1L.G01g18460 and Cp4.1L.G01g19120)
that only in 38le showed high and moderate variants.
It is worth to note that the Cp4.1L.G01g18460 ortholog
in Arabidopsis, (AT1G14790; AtRDR1) is involved in
the turnover of viral RNAs in infected plants [109]. The
presence of specific variants in a N-acetyltransferase
domain-containing protein (Cp4.1L.G01g24380) involved
in chromatin remodeling [110] were also of interest
because of the involvement of epigenetic mechanisms
plant response to pathogens [111]. This gene is ortholog
to Arabidopsis GCN5-RELATED N-ACETYLTRANS-
FERASE 4, GNAT4 (AT2G39000), that is a master regu-
lator of responses to environmental stimuli, including
the defense against pathogens [112, 113]. In addition, a
high effect mutation was observed in Cp4.1LG01g20160,
a structural protein of ribosome involved in the regula-
tion of defense response that could repress the virus
translation [104]. By contrast, the susceptible SPQ
showed specific mutations in the Cytochrome P450 gene
(Cp4.1LG01g11290) involved in disease response [114]
and in cucumisins, subtilisin-like serine proteases (subti-
lases) genes, that regulated the hypersensitive response,
pathogen recognition, priming and peptide hormone
release [115]. The observed SNP distribution patterns in
accessions with resistance introgressions provide valu-
able insights into the genetic basis of disease resistance
inC. pepo. These regions, with higher SNP concentra-
tions, could indicate the presence of genes implicated in
resistance to ZYMV and PM. By focusing future analyses
on these regions, we can prioritize candidate genes for
functional validation in the future MAGIC population.

Conclusion

The present study underscores the importance of genetic
variations discovery for improving crop traits. The vari-
ants exhibited by the different varieties can contribute
to better explore the genetic variability for plant archi-
tecture, fruit quality, and disease resistance, particularly
against Zucchini yellow mosaic virus (ZYMV) and pow-
dery mildew (PM). The identification of specific genetic
variants in genes related to disease resistance and plant
architecture holds substantial implications for crop
improvement and trait selection in plant breeding. Our
work improves knowledge of the potential genes under-
lining morphological traits and plant immune responses,
promising applications in agriculture and food security.
These findings can provide valuable insights into crop
management strategies thank to the development of
more resilient zucchini varieties.
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Materials and methods

Plant material and DNA extraction

Seeds of eight zucchini varieties, four belonging to Zuc-
chini group (“Nano Verde di Milano’, NV; “Whitaker”;
381e and 968Rb) and four belonging to Cocozelle group
(“Lungo Bianco di Sicilia, BDS; “San Pasquale’, SPQ;
“Ortolano di Faenza’, OF; “Striato di Italia’, SI), kindly
provided by Semiorto Sementi s.r.l. (Sarno, Italy), were
sown at UNINA greenhouse.

Leaf DNA was extracted from each variety, using the
DNeasy Plant Mini kit (QIAGEN, Valencia, CA). The
quality and the quantity of DNA was checked by agarose
gel and Nanodrop spectrophotometer (Thermo Fisher
Scientific, Wilmington, USA).

Library construction and sequencing

Indexed libraries were prepared from 1 ug purified
DNA with the TruSeq DNA Sample Prep Kit (Illumina,
San Diego, CA, USA) according to the manufacturer’s
instructions. Libraries were quantified using the Agilent
2100 Bioanalyzer (Agilent Technologies) and pooled such
that each index-tagged sample was present in equimolar
amounts, with 2 nM final concentration. Pooled samples
were subject to cluster generation and sequencing using
the Illumina HiSeq 1500 platform (Illumina Inc, San
Diego, CA, USA) at the Genomix life (Salerno, Italy) to
generate 100-bp paired-end reads.

Reads processing, mapping and variants calling

The raw sequencing reads were pre-processed by remov-
ing sequencing adapters, poor-quality bases (quality < 3)
from the beginning and end of the reads; low quality
bases (quality<20 in a 4-bp window) as well as reads
shorter than 36 bp using Trimmomatic [116]. FastQC
was used to check the quality before and after the trim-
ming [117]. The filtered, high-quality paired reads were
aligned to the last version of the C. pepo genome v.4.1
available at cucurbitgenomics.org [24, 46] with BWA
mem [118]. The resulting SAM files were converted into
BAM files and sorted with SAMtools [119].

SAMtools flagstats was used to determinate the num-
ber of total reads, secondary reads, and mapped reads
[120] and SAMtools view was used to remove unmapped
reads [121]. Duplicated reads were marked by Picard
[122, 123].

Variants were called by Bcftools mpileup [124, 125],
a minimum quality mapping of 20 and minimum base
quality of 20 was required. These raw variants file was
additionally filtered with a minor allele frequency > 0.05,
quality>20 and read deep>5. Density of variants was
obtained by plotting read depth (DP) of all the variants
across the chromosome using R package “ggplot2” [126].
Bcftools view was used to filter private SNPs, as well as
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SNPs affecting individuals ranging from 12.5 to 87.5%,
and those affecting 87.5% of the individuals [124].

Population structure and genetic variability

To investigate the population structure, the analyses were
conducted following the procedure described in Flores-
Le6n et al. [127]. Admixture analysis was performed on
the eight accessions using admixture-linux-1.3.0 [128]
with default parameters in an unsupervised mode of
K=1 to 10. The cross-validation error for each K was
calculated with the -cv option, K=4 and k=3. “ggplot2”
R package was used to plot the Cross-validation error K
graph. A principal component analysis (PCA) was per-
formed using the “snpgdsPCA” function of the “SNPRel-
ate” R package [129] and 3D visualization of the data
was performed by CurlyWhirly Software for Windows.
SNPcalling result was transformed to fasta format
USING tool vcf-to-tab and Perl script vcf_tab_to_fasta_
alignment.pl [130]. The resulting data was aligned and
analyzed to construct a tree using MEGA11 [131]. The
Kimura two-parameter model was employed for the
analysis, and bootstrap testing was conducted to assess
the confidence of each node.

SNP and IN/DEL functional annotation

The effect of the SNPs and IN/DEL was analyzed using
SnpEff program [132]. The variants predicted effects were
categorized by impact, as high (disruptive impact on the
protein), moderate (non-synonymous substitution), low
(synonymous substitution) or modifier (with impact on
non-coding regions) [133]. Gene Ontology (GO) annota-
tion available in cucurbitgenomics.org [46] was used to
characterize SNPs with putative effects predicted to be
moderate or high, and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) available in cucurbitgenomics.
org [46] was used to identify functions in metabolic path-
ways in the candidate genes that we found. To identify
variants related to genes of interest for several morpho-
logical and qualitative traits, we conducted a thorough
literature review to identify candidate protein families or
genes associated with distinctive traits. Priority was given
to genes reported within the Cucurbitaceae family. We
then identified the orthologous gene in our dataset and
performed a detailed search to determine which of these
possessed variants whose allelic distributions correlated
with the observed phenotypes. MAPMAN software [134]
was used to identify genes affected by variants related to
biotic stress response.

Abbreviations

BAM Binary Alignment/Map

BDS Lungo Bianco di Sicilia

BWA Burrows-Wheeler Aligner

[@\Y\% Cucumber mosaic virus

FAOSTAT Food and Agriculture Organization of the United Nations

statistics
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IN/DEL Insertions/Deletions

KEGG Kyoto Encyclopedia of Genes and Genomes
LC Locule Number

MEGA Molecular Evolutionary Genetics Analysis
NV Nano verde di Milano

OF Ortolano di Faenza

PM powdery mildew

RNAI RNA Interference

SAM Sequence Alignment/Map

Sl Striato d'ltalia

SNP Single nucleotide polymorphism

SPQ San Pasquale

TF Transcription Factor

ToLCNDV  Tomato leaf curl New Delhi virus

UPGMA Unweighted Pair Group Method with Arithmetic Mean
ZYMV Zucchini yellow mosaic virus
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