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Abstract

High-depth whole-genome resequencing of 53 diverse fig tree genotypes yielded a
rich dataset of genetic variants. We successfully identified 5,501,460 single-
nucleotide polymorphisms (SNPs) and 1,228,537 insertions and deletions (InDels),
providing a high-density and excellent-quality genetic map of the fig tree. We also
performed a detailed population structure analysis, dividing the 53 genotypes into
three geographical groups and assessing their genetic diversity and divergence.
Analysis of structural variants (SVs) and copy number variations (CNVs) revealed their
potential functional impact, particularly in plant-pathogen interaction and secondary
metabolism. Metabolomic fingerprinting of fig genotypes uncovered extensive varia-
tion in primary metabolites and polyphenolic compounds, highlighting the influence

of genotype on fruit quality traits such as nutritional content and bioactive compound
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1 | INTRODUCTION

The fig tree (Ficus carica L., Moraceae), an emblematic tree of the
Mediterranean region, is a species of high heterozygosity (Mori
et al., 2017) that was domesticated about 5500 years ago (Zohary
and Spiegel-Roy, 1975). Currently, fig trees are grown throughout
the Mediterranean area and in various temperate regions world-
wide (Sadder and Ateyyeh, 2006). There are over 6,000 described
fig cultivars, several of which are of great commercial importance
for consumption, either fresh or dried (Flaishman, Rodov and
Stover, 2008).

The fig fruit is a key natural provider of bioactive substances in
the nutritious Mediterranean diet (Viuda-Martos et al., 2015). Its main
health-enhancing phytochemicals include flavonoid and phenolic
acids, trace minerals, fibers and vitamins (Veberic, Colaric and
Stampar, 2008).

Interestingly, the classification and description of the different fig
cultivars are mainly based on morphological traits of fruit and leaves.
However, this approach is not very accurate and reliable since many
phenotype features are highly dependent on climatic conditions. A
comparative analysis of the genomes of several cultivars can shed
light on their genetic background and the influence of artificial selec-
tion on their evolution (Li et al., 2019). Progress in genome sequencing
technology has enabled the tracking of gene evolution in fruit trees,
resulting in the discovery of numerous genes linked to horticultural
traits (Zahid et al., 2022). This progress has produced a vast amount
of critical information beneficial for plant molecular breeding, enhanc-
ing our comprehension of the classification and domestication of culti-
vated plants at the intraspecific level (Yu et al., 2018). Recently, Usai
et al. (2020) unveiled a high-quality reference genome (~333 Mbp)
for the most prominent Italian fig cultivar ‘Dottato’ that serves as a
crucial tool for comprehensive genome resequencing analyses,
enhancing fig breeding programs aimed at expanding the fruit's global
cultivation and distribution.

In this work, we performed whole-genome resequencing of 53 fig
varieties to uncover genome-wide variations, including single-
nucleotide polymorphisms (SNPs), small insertions and deletions
(InDels), copy number variants (CNVs) and structural variants (SVs).
These variations were further analyzed to gain insights into the fig
genome's characteristics and population structure, which will support
ongoing studies and breeding efforts. A key part of our study was a
genome-wide association study (GWAS), where we identified specific

tionally significant fruit.

composition. The genome-wide association study (GWAS) identified critical SNPs
associated with fruit quality and morphological features. The discovery of significant
candidate genes, such as AGL62, GDSL, and COBRA-like protein 4 genes, offers
promising targets for marker-assisted selection and genome editing approaches to
improve fig fruit morphological and quality traits. This extensive genomic analysis of
fig trees enhances our understanding of the genetic basis of important agronomic

traits and provides a rich resource for future research in this economically and nutri-

genetic regions and potential candidate genes connected to pheno-
typic variations in essential agro-morphological traits, like fruit number
and juiciness, lenticel presence in fruit and fig productive type, which
are critical for fig tree breeding. Additionally, we determined fruit
physiological traits as well as the metabolic profiling of fig cultivars
that were producing fruit, exploring metabolic diversity. The compre-
hensive resequencing of the fig genome and the detailed metabolome
data collected from a diverse range of fig genotypes offer a valuable
resource for the genetic improvement of this economically significant

fruit tree.

2 | MATERIALS AND METHODS

21 | Plant Material

We studied 53 fig tree genotypes belonging to 4 caprifigs (wild),
8 landraces, and 41 cultivars originating from several Mediterranean
countries such as Greece (25), Spain (1), Italy (14), Cyprus (11), France
(1) and Turkey (1) (Table S1). All cultivars and 3 caprifigs are main-
tained at the National Fig Tree Germplasm Repository (Institute of

Olive Tree, Subtropical Crops and Viticulture, Kalamata).

2.2 | Morphological characterization

The 39 selected genotypes were characterized for morphological
traits according to the guidelines provided by the International Union
for the Protection of New Varieties of Plants-UPOV guidelines
(UPQV, 2010), in the fig tree descriptors. The phenotypic observa-
tions were conducted for 3 consecutive years (2018-2021). Based on
availability, between 2 to 5 trees for each genotype were sampled,
and 23 morphological traits were qualitatively assessed according to

rating and coding systems (Table S2).

2.3 | Whole genome re-sequencing

DNA of high molecular weight and quality was isolated from the
leaf tissue of a single tree per genotype, utilizing the DNeasy Plant
Pro Kit (Qiagen Inc.) following the guidelines provided by the
manufacturer. lllumina libraries were generated with a mean
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insertion size of 350 bp and sequenced (PE150) on lllumina Nova-
Seq 6000 system.

24 | \Variation calling and annotation

Quality control for paired-end lllumina sequences was performed
using FastQC (version 0.11.9) and MultiQC (version 1.9). The prepro-
cessing step, which involved trimming sequencing adapters and
discarding low-quality ends (<Q20), was executed with fastp
(version 0.20). Sequences that passed the quality criteria (average
quality 2 Q20 and minimum length > 18 bp) were aligned to the Ficus
carica reference genome UNIPI_FiCari_1.0 (Usai et al., 2020) employ-
ing the Burrows-Wheeler Alignment Tool “bwa mem” (version
0.7.17). Documentation included mapping quality, sequencing depth,
and coverage consistency (Table S1). The process for calling and
annotating variants was in line with the methodology described by
Bazakos et al. (2023). The functional gene annotation was employed
by Usai et al. (2020) and validated by the OrthoFinder tool (Emms and
Kelly, 2019).

2.5 | SNP variants in genes related to flowering
time and phenylpropanoid biosynthesis

The genetic diversity within the candidate genes that are associated
with controlling flowering period and phenylpropanoid production
was examined among various genotypes, and the possible impact of
genetic variations was analyzed using snpEff, which annotated each

SNP according to its predicted effect.

2.6 | Structural Variant (SV) calling

Copy Number Variants (CNVs) were identified at the genome level
using Control-FREEC v11.6 (Boeva et al., 2012). Prior to CNV detec-
tion, minExpectedGC and maxExpectedGC for non-human species
were calculated using gccount as suggested by the authors. Follow-
ing CNV detection, statistical significance was obtained using the
“assess_significance.R" file, where both Wilcoxon and Koglomorov-
Smirnov test p-values are added in each output file. Filtering was
applied using a Kolmogorov-Smirnov P value threshold of 0.05. Nearby
variants less than 100 bp apart were merged using bcftools and
removed sites that were of mixed type (copy number gain and loss) and
sites where the variant was not present in at least 3 lines. Finally, we
generated a binary table with the CNVs for the 53 lines, representing
absence and presence of a variant with “0” and “1”, respectively.

Large deletions/insertions (>50 nt) and inversions were called
using Manta (Chen et al., 2016; v1.6.0) at the individual level, follow-
ing the software manual. After variant calling, individual vcf files were
merged into a single VCF file using SURVIVOR (Jeffares et al., 2017;
v1.07) with the following parameters: “max distance between break-
points”: 1000, “minimum number of supporting caller": 1, “take the
type into account”: yes, “take the strands of SVs into account”: yes,

& 3of 14
Physiologia Plantarur

“minimum size of SVs to be taken into account™ 50. The final set of
Manta variants was obtained by keeping only those that had a
minimum allele frequency (MAF) of 0.01 or higher, SV size of less than
1Mbp, less than 40% of missing genotypes and at least 3 individuals
with the variant allele.

2.7 | Relatedness analysis

We used KING v2.3.0 (Manichaikul et al., 2010) with the “-kinship”
argument to estimate degrees of relatedness between all samples
based on pairwise comparisons of SNP data. The total unpruned
genomic data set was used as the input file. Estimated kinship coeffi-
cients were used to infer relationship degrees between samples
according to KING's manual and these were plotted into a network
with the R package igraph (Csardi and Nepusz, 2006).

2.8 | Identification of selective sweep signals
Variant filtering was conducted using PLINK 1.9 (Chang et al., 2015)
with the “-indep-pairwise 50 10 0.2” parameters, resulting in
291,872 independent variants. The filtered VCF file was converted to
a bed format for input into the R package PCAdapt (Privé et al., 2020).
PCAdapt detects outlier SNPs based on correlations between variants
and PCA principal components which represent the neutral genetic
structure in a data set. To avoid bias, only one individual represented
each putative duplicate group as detected by the relatedness analysis.
The ideal number of K was determined from a scree plot showcasing
each principal component's contribution and sample projections on
the initial PCA axes. P-values underwent Bonferroni correction
fora = 0.01.

2.9 | Population genetics analyses

Excluding outlier SNPs identified by PCAdapt, genetic differentiation
among samples was explored through PCA in PLINK. A relative dis-
similarity distance matrix was generated using bitwise.dist function
from poppr v2.9.3 (Kamvar, Tabima and Grinwald, 2014), which sup-
ported the construction of a Neighbor-Joining dendrogram with ape
v5.7 (Paradis and Schliep, 2019) and ggtree v3.6.2 (Yu et al., 2017).
ADMIXTURE (Alexander and Lange, 2011) was used to study admixture
patterns among fig tree genotypes using the same dataset of unlinked
variants. Ten runs were conducted for K= 1 to K= 5, with results
consolidated by the CLUMPAK pipeline (Kopelman et al., 2015), and
consistency found up to K = 3, establishing it as the optimal K.

For analyzing genetic structure with SV data, genotypes were
encoded as haploid presence-absence data and analyzed in R 4.2.2
using adegenet v2.1.10 (Jombart, 2008). PCAs were performed sepa-
rately for each SV type based on Euclidean distances using the
cmdscale function (R Core Team, 2022), and a combined plot was cre-
ated after identifying consistent patterns. A dissimilarity distance
matrix was calculated using the diss.dist function from poppr to
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construct a Neighbor-Joining dendrogram, following the methodology
outlined for the SNP dataset by Bazakos et al. (2023).

Fixation indices (FST) between SEMed, WMed, and MEMed gene
pools were calculated per Weir and Cockerham (1984) methodology.
Nucleotide diversity (1) and Tajima's D were assessed as previously
described by Bazakos et al. (2023).

210 | Genome-wide association study (GWAS)

For the genome-wide association study (GWAS), the list of pheno-
typic traits of 39 fig genotypes alongside their SNP data across
13 chromosomes were retained (Tables S1; S2; S3). SNP filtering was
carried out based on criteria such as Minor Allele Frequency (MAF)
(20.1), a minimum count of minor alleles (25), and a maximum missing
rate (<0.5), utilizing PLINK v1.9 (Chang et al., 2015). SNPrelate
(v1.22.0) (Zheng et al., 2012) was employed to perform quality checks
of bi-allelic SNPs. Association tests were conducted using the
EMMAX pipeline (Kang et al., 2010). To adjust for the effects of popu-
lation structure, kinship matrices were generated via the EMMAX-BN
(Balding-Nichols) approach, and visual representations of the data
were created with Manhattan and QQ plots using R (R Core
Team, 2022). The Bonferroni correction was applied to correct for
multiple testing.

211 | Fig fruit quality attributes

Quality determination based on soluble solids concentration (SSC),
acidity (TA), respiration rate, ethylene biosynthesis, weight, color indi-
cators, firmness, dry matter, and elements content (N, P, K, Ca), in
33 fig cultivars was performed at commercial harvest stage from
11/8/2021 to 26/8/2021 (Table S3). Fruits were harvested
from 8:30-9:30 am. Respiration rate, ethylene biosynthesis, elements
content, SSC (%) and TA (%, citric acid), was determined from 3 repli-
cates of 5 fruit, while weight, color indicators, firmness, and dry mat-
ter was determined in 15 individual fruit at harvest.

Gas chromatography (Shimadzu GC-2014) determined respiration
rate and ethylene production as outlined by Polychroniadou et al.
(2022). Fig fruit color parameters (L*, a* and b*) and firmness were
measured using a colorimeter (Minolta CR-200) and a TAXT2i Tex-
ture Analyzer (Stable Micro Systems), respectively. Nutrient element
quantification was performed using ICP-OES (Perkin Elmer Optima
2100DV), and nitrogen levels were estimated via the Kjeldahl method
with a Vapodest 50s system (Karagiannis et al., 2021).

212 |
analysis

Fig primary and secondary metabolic

Primary metabolite analysis in fig edible tissue (3 biological replica-
tions of 5 fruit per cultivar) was conducted with a gas
chromatography-mass spectrometry system (PerkinElmer Clarus SQ
8S GC/MS), following protocols by Polychroniadou et al. (2022) and

detailed analysis by Michailidis et al. (2017). Metabolic peak identifica-
tion was based on standards or the NIST11 database, with results
expressed as adonitol relative abundance (Tables S4 and S5).

Polyphenolic compound analysis was performed using ultra-
pressure liquid chromatography mass spectrometry (Agilent Technolo-
gies 1260 Infinity Il Series LC system). Freeze-dried samples were
extracted and subjected to UPLC-MS analysis as described by Vala-
siadis et al. (2024), with data acquisition and processing through
OpenlLab LC-MS software (Agilent Technologies).

3 | RESULTS AND DISCUSSION

31 |
fig trees

Comprehensive genomic variation map for

A comprehensive whole-genome resequencing of 53 fig tree geno-
types from a diverse GenBank collection was carried out, achieving an
average sequencing depth of 32.97X. The high-quality, filtered data
were then aligned with the reference genome of the fig tree, Ficus car-
ica UNIPI_FiCari_1.0 (Usai et al., 2020) (Figure 1a; Table S1).

Through the process of detecting variations, filtering genotypes,
and imputing data, a comprehensive and high-quality dataset was
produced from the 53 fig tree genotypes, uncovering 5,501,460
high-quality single nucleotide polymorphisms (SNPs) (1 SNP every
60 bases). Of these, 351,723 SNPs were located in coding regions
(Figure 1b; Table S6.1). The ratio of non-synonymous to synonymous
SNPs (Ka/Ks) was 1.35, as calculated by SNPeff tool, a figure in line
with that seen in other fruit trees like the olive (1.45; Bazakos
et al., 2023) but lower than that of sweet cherry (1.78; Xanthopoulou
et al., 2020) and mango (1.52; Wang et al., 2020), which are typically
cloned, and significantly higher than peach (1.06; Li et al., 2019).

The analysis of insertions and deletions (InDels) identified
1,228,537 variants, split between 642,059 insertions and 586,478
deletions. Of these, 0.52% were located within gene exons, and
0.09% affected splice sites, while 0.54% of InDels were found in
5’- and 3'-untranslated regions (UTRs), with the majority (55.94%) cor-
respond to a single nucleotide (Figure 1b; Table 57.1), a finding consis-
tent with reports on other Mediterranean perennials such as sweet
cherry and olive tree (Bazakos et al., 2023; Xanthopoulou et al., 2020).
Additionally, SVs and CNVs were analyzed, revealing 549 SVs, includ-
ing insertions, deletions, and inversions, averaging 10.35 SVs per
genotype (Figure 1c; Table S8). Furthermore, we identified genes that
overlap with these SVs to highlight their potential functional impor-
tance. We found 157 DELs that overlapped completely (full
gene overlap) with genes. Due to the absence of TE annotation, the
gene annotation that was available from Ensembl Plants was only
used however, no overlap was detected between genes and the iden-
tified insertions. We found only a single gene affected by an insertion
when we looked for partial overlap (20% of the gene sequence). The
functional significance of these SVs was further underscored through
Gene Ontology (GO) enrichment analysis, revealing their roles in pro-
cesses like stress response, defense, and auxin response, as well as
binding functions (Figure 1d; Table S9). For CNVs, 202 were
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FIGURE 1  Genomic variation map and divergence among the different fig tree groups. a) A circos plot representing genome-wide nucleotide

diversity. Layers from the outer to inner are: i, Gene density; ii, Tajima's D; iii, Nucleotide diversity. The color coding for each group is green for
Middle Mediterranean (MEMed), blue for South-East Mediterranean (SEMed), and dark red for West Mediterranean (WMed). b) The total number
of SNP and InDel variants detected across 53 fig tree varieties and their corresponding group, classified by intergenic, introns and exons. c) The
total number of identified Genome-wide Copy Number Variants (CNVs) classified by CNG (copy number gain), CNL (copy number loss) and genic/
perigenic SV (structural variant). d) Enrichment analysis (Biological Process (BP), Molecular Function (MF), Cellular Component (CC)) of DELs and
CNVs. e) Overview of nucleotide diversity (it and Tajima's D) and population differentiation (Fixation index-FST) among the three specified
groups. The number inside each circle denotes the nucleotide diversity of that group, and the numbers between circles reflect the population
divergence (FST). f) Analysis of linkage disequilibrium (LD) decay in fig trees across different groups.

identified, averaging 3.81 CNVs per genotype, with 176 genes over-
lapping with CNVs showing significant enrichment in pathways like
plant-pathogen interaction and secondary metabolism, including
isoflavonoid biosynthesis, highlighting the CNVs' functional relevance
(Tables S8; S10).

These varied types of genomic sequence variations offer a
valuable resource, and subsequent research into these structural vari-
ations and associated genes will enhance our comprehension of the
molecular processes behind fig tree adaptation and cultivation.

Overall, the re-sequencing of 53 fig tree genotypes reveals in a
comprehensive manner a wide population genetic diversity of this
emblematic perennial fruit tree species. To date, research on this spe-
cies, that is characterized by long flowering cycle, high sexual repro-
duction rate and unpredictable flowering period, mainly focuses on
cultivation, while only a limited number of studies are conducted

on fig tree selection and breeding. Hence, having access to

representative genotypes as germplasm, along with their thoroughly

detailed genomic variations as digital germplasm, will significantly

boost research and breeding initiatives in the future (Zhao
etal, 2021).
3.2 | Population structure analysis

To understand the population structure, we constructed a neighbor-
joining (NJ) tree and a principal component analysis (PCA) and
performed model-based clustering using ADMIXTURE (Figure 2a-c).
Based on those, we categorized the 53 genotypes into three geo-
graphic clusters: 19 genotypes from the West Mediterranean (WMed,;
mainly Italy, Spain, and France), 23 genotypes from the Middle
Mediterranean (MEMed; coastline of Turkey to Greece), and 11 geno-

types from the South-East Mediterranean (SEMed; mainly Cyprus)
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(Figure 2a). We have also used SVs as a measure of genetic diversity for
generating the NJ phylogenetic tree and PCA to investigate whether
the clustering of the three geographical groups is distinct (Figure 2d-e).
Although the PCA and clustering heatmap of SVs are not sufficient to
clearly discriminate the MEMed group from the other 2 (SEMed and
WMed), the NJ phylogenetic tree offers a distinct clustering of the
3 groups.

To analyze the genetic variation and divergence among the three
geographical groups, we calculated the nucleotide diversity (1) and
Tajima's D values for each group and conducted a pairwise evaluation
of genetic distances using fixation index values (FST) (Figure 1f). The
SEMed group exhibited the highest nucleotide diversity
(m = 4.02 x 1073), coherent with a previous study that used Simple
Sequence Repeats (SSRs) molecular markers (Ganopoulos et al., 2015).
Compared with the SEMed group, the MEMed (3.97 x 103) and the
WNMed groups (3.98 x 10~%) showed a decreased nucleotide diversity
(Figure 1f). The FST value between the SEMed and WMed groups
was 0.055, decreasing slightly to 0.053 when comparing SEMed to
MEMed, suggesting increased population differentiation with east-
ward expansion (Figure 1e). Additionally, Tajima's D values in the
SEMed (0.344) were substantially lower than those in the MEMed
(0.581) and WMed (0.596) groups, possibly reflecting a recent popula-
tion bottleneck in the central and western Mediterranean regions due

to allele fixation driven by genetic drift (Bazakos et al., 2023).

Furthermore, linkage disequilibrium (LD) decay for the three fig
tree groups was rapid at 6 kb for the entire population (Figure 1f). The
SEMed population showed a slower decay rate (15 kb) compared to
the MEMed group (8 kb). Cultivated genotypes from the western
Mediterranean demonstrated a quicker LD decay than those from the
eastern region, likely due to the inclusion of genotypes from diverse
geographic origins, such as Greece, Spain, and ltaly, in the western
group. The relatively fast LD decay in these fig tree genotypes could
potentially improve the precision of association studies in identifying

narrow intervals for candidate Quantitative Trait Loci (QTL).

3.3 | Cultivation history of fig tree

The precise tracing of fig tree ancestry using genomic information is
challenging because of the simultaneous occurrence of asexual propa-
gation and sexual reproduction (Ganopoulos et al., 2015). Though, the
patterns of identity-by-descent (IBD) relationships were analyzed
among the 53 fig tree genotypes (Figure 3). The pedigree network
showed that most of the first-degree relationships were among geno-
types in the same group. The analysis of interrelationship order placed
the genotype ‘Fé’ (‘Analata’) from the SEMed group in a monozygotic
twin relationship with ‘F36’ (‘Psoma’), and identified ‘F32’ (‘Opsima
Xoirokoitias’) as third-degree relatives (Figure 3; Table S11).
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Furthermore, MEMed genotypes ‘F5’ (‘Aidinia’) and ‘F20’ (‘Prasinosykia
Lesvouw’) showed first-degree relationships with ‘F39° (‘Smyrna type’)
(Figure 3; Table S11), suggesting they originate from a distinct breeding
event. Within the WMed group, ‘Luri Crossa’ (‘F22’) is likely linked
through the same breeding event as numerous other WMed genotypes,

given their first-degree kinship (Figure 3; Table S11).

34 |
profiles

Signatures of selection in fig tree genomic

Mapping individuals to the principal components using a score plot
and analyzing the variance explained helped ascertain that three PCs
represent the optimal number for the SNP data. The PCadapt analysis

highlighted SNPs under selective pressure across all chromosomes of
the fig tree, identifying 168 regions across 11 chromosomes as poten-
tial candidate regions for selection sweeps (Figure 4; Table S12).

A small selection of these SNPs is found within genes of known
function. For example, a locus on chromosome 1, an endonuclease
gene, was flagged as under selection. This gene (EG14) is part of the
endo-B-1,4-glucanases (EGs) family under the glycosyl hydrolase fam-
ily 9 (GH9), which is involved in cell wall synthesis, remodeling, and
degradation (Jara et al., 2019). EGs have been previously demon-
strated to play crucial roles in the ripening process of various fruits,
including figs (Cui et al., 2022). Furthermore, a selection region on
chromosome 10 contains the glutathione S-transferase (GST) gene
(FCD_00000376), which plays a role in developing fig fruit peel color
(Liu et al., 2023). Additionally, on chromosome 13, a selected area
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FIGURE 4

Identification of signatures of selection in fig tree genomes through pcadapt. a) A Manhattan plot illustrating adjusted P-values

highlights genomic loci containing SNPs subject to selection pressure. b) A quantile-quantile plot comparing the observed to the expected
transformed P-values. c) A scree plot showing the variance explained by the first 20 principal component analysis axes, encompassing both

adaptive and neutral SNPs.

encompasses STELLO2 (STL2) (FCD_00021095), identified as a
Golgi-residing glycosyltransferase. This gene is intimately connected
to cellulose synthesis in the cell wall as it orchestrates the formation
and transport of cellulose synthase complexes (Zhang et al., 2016)
(Figure 4; Table S12).

3.5 | SNP variants in genes involved in the
phenylpropanoid-flavonoid (PF) pathway and
flowering

Flower bud differentiation is essential for fruit production and occurs dur-
ing the shoot elongation period in figs. During fig fruit development, sec-
ondary metabolites, such as polyphenolic compounds, which enhance the
nutritional value of figs, are accumulated (Wang et al., 2021). Herein, we
selected candidate genes related to flowering (Hanke et al., 2007) and
secondary metabolisms such as phenylpropanoid and flavonoid biosyn-
thesis (Hoang et al., 2015) to identify annotated SNP variants with a high
impact on those genes' function (Table S13).

Our analysis identified important high-impact mutations in
flowering genes of several fig genotypes. Specifically, two stop-gain
mutations were revealed (T/C and C/G) in the FRIGIDA (FRI) gene
(FCD_00001095), the principal activator of FLC (Flowering Locus C)
that acts as a repressor of floral transition in Arabidopsis (Jung
and Muller, 2009). Additionally, a stop-gain mutation (G/A;
FCD_00009609) was revealed in the transcription factor Agamous-like
gene (AGL61) that regulates the expression of downstream genes dur-
ing central cell development (Steffen et al., 2008) (Table S13).

Concerning the phenylpropanoid-flavonoid genes, one stop
gained mutation was identified in the 2-hydroxyisoflavanone dehydra-
tase (2-HID) gene (FCD_00009376; C/T) that catalyzes the isoflavone
biosynthesis (He et al., 2011) (Table S13). Furthermore, a significant
mutation was discovered in the chalcone isomerase (CHI) gene (G/A;
FCD_00011570), a key enzyme that acts as the second rate-limiting
step in the flavonoid biosynthesis pathway (Yin et al., 2019)
(Table S13). Recent research by Li et al. (2020) highlighted FcCHI1's
crucial contribution to anthocyanin production in figs. In addition, a
critical mutation (G/A; FCD_00011868) was found in the gene
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encoding 4-coumarate-CoA ligase (4CL), an enzyme essential for screening - indicated that ‘Vasilika Mavra’ and ‘Valosykia’ were more

directing the flow within various phenylpropanoid biosynthesis path- diverse in coloration, having a dark-purple and a light-yellow skin

ways in plants (Lavhale, Kalunke and Giri, 2018) (Table S13). This color, respectively (Figure 5; Table S3). Previously, the dark peel of fig

enzyme plays a key role in the metabolic engineering of pathways accessions was assumed to be genetically closer to the wild type,
leading to the synthesis of compounds such as curcuminoids, resvera- while genotypes with green peel represent a color mutation related to
trol, biofuels and in the enhancement of nutritional profiles. (Lavhale, the MYB family transcription factors (Wang et al., 2017). Fresh weight
Kalunke and Giri, 2018). of fruits between the tested genotypes ranged from 18.2 g to 53.9 g,

whereas dry weight (%) ranged from 20.1% to 39.0% (Table S3). Other
standard parameters for determining fruit quality at harvest include
3.6 | Fruit quality and metabolome variation within soluble solid content (SSC) and titration acidity (TA) (Karagiannis
the selected fig collection et al, 2021), both showing remarkable differences among the fig
genotypes (Figure 5; Table S10). The top SSC was recorded in the
Since the existing genotypic variation within the initial fig tree MEMed and WMed groups, while the top TA was in the SEMed and

collection, a total of 33 cultivars and landraces from the three clusters, WMed groups (Table S3). The values for SSC were in line with previ-
exhibiting significant genetic differences as well as contrasting ous reports, whereas TA values were lower than in other ex-situ fig
pericarp and pulp coloration, were further evaluated for several collections (Hssaini et al., 2020). Regarding fruit firmness, skin pene-
fruit physiological traits (Figure 5; Table S3). The analysis of skin tration and fruit deformation forces are considered major factors in
color parameters - a discriminant morphometric traits for fig fruit textural properties (Karagiannis et al, 2021). In this study,
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FIGURE 5 Metabolomic fingerprinting of 33 fig fruit genotypes in transversely and horizontal section. a) Phenotype of 33 fig fruit genotypes,
b) Heatmap of 15 physiological traits and nutrient content, c) abundances of 5 categories of primary metabolites and of 11 primary metabolic
abundances, and d) abundances of 9 polyphenolic compounds along with cumulative polyphenols. Abbreviation list is provided, SSC: soluble solid
concentration, TA: titratable acidity, Eth: Ethylene production, RR: respiration rate, FW: fresh weight, Color indicators L*, a,* b*, DF: deformation
force, PF: penetration force, DW: dry weight, N: nitrogen, P: phosphorus, K: potassium, Ca: calcium, Sug: total sugars, Alc: total alcohols, AmA:
total amino acids, OtCo: other compounds, Glu: glucose, Fru: fructose, Suc: sucrose, Mal: malic acid, Cit: citric acid, Qui: quinic acid, Sor: sorbitol,
Ino: inositol, Tre: trehalose, Cel: cellobiose, MIt: maltose, SnA: sinapic acid, Btn: biotin, Ctn: catechin, ECtn: epicatechin, NChl: neochlorogenic
acid, Chl: chlorogenic acid, Qtn: quercetin, Ltn: luteolin, Rtn: rutin, CP: cumulative polyphenols. Numeric data are provided in Tables S10, S11

and S12.
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‘Mavra Klirou” and ‘Aspra Polis’, both assigned to the SEMed cluster,
had the softest and the firmest fruit, respectively, within the collection
(Table S3). This is partly in accordance with the results of penetration
force analysis, demonstrating that the genetic clustering of these
genotypes in the three groups (Figure 2) was not associated with fruit
quality properties. A typical characteristic burst in both ethylene and
respiration rate occurs at the onset of fig ripening, but unlike other cli-
macteric fruits, this ethylene-dependent ripening process seems to be
ABA-dependent (Qiao et al., 2021). In this study, a wide range in both
ethylene and respiration rates was revealed (Figure 5c), but there was
no obvious correlation between these traits. Interestingly, the respira-
tion rate was negatively correlated with fruit weight (Figure 5b), sug-
gesting that the smaller the fruit is, the higher the respiration rate it
has, thus shortening the fruit shelf-file, as previously demonstrated in
tomato (Ustun et al., 2023).

Fig fruits serve as valuable sources of macronutrients such as P,
K, and Ca (Mendoza-Castillo et al., 2019), with their concentrations
being variable across different genotypes, geographical locations,
types of soil, and climates in general (George et al., 2023). Our results
follow previous studies, proposing that nutrient status is highly
dependent on genotype. It was evident that some genotypes, such as
‘Aspra Klirou’, ‘Aspra Polis’, ‘Aspra Prodromi’ (from the SEMed
group) and ‘Zailata’ (from the MEMed group) were rich in all three
macronutrients, while others, including ‘Mission’, ‘Napolitana Negra’
(WMed group), and ‘Kymis’ (MEMed group) were relatively poor
(Figure 5; Table S3).

It is more than common ground that the genotype has a strong
impact on the metabolomic composition of various horticultural spe-
cies. To explore the extent of fruit metabolic variation within our fig
collection, we quantified 27 metabolites of the primary metabolism,
corresponding to 14 sugars, 3 organic acids, 4 amino acids and
6 others (Figure 5; Table S4). Among sugars, glucose and fructose
were the most abundant carbohydrates, followed by sucrose, sorbitol
(sugar alcohol), and inositol, but without showing any group-specific
pattern of accumulation. Glucose and fructose have been previously
reported to be among the main reduced sugars that form the flavor of
fig fruit (Wang et al., 2021). Additionally, up to five- or six-fold varia-
tion was evident concerning organic acid and amino acid content,
respectively, suggesting a broad diversity within the collection that
could be valuable for breeding purposes towards enhancing fruit fla-
vor and taste (Figure 5; Table S4). The most abundant organic acid
was malate, followed by citrate, which is in line with previous reports
in other tree species (Karagiannis et al., 2021) (Figure 5; Table S4).
Previously, differences in amino acid composition and richness have
been correlated with different flavor matter (Wang et al., 2021).

Genotype-specific variations in both composition and abundance
of polyphenolic compounds were also revealed in this study, ranging
from 105 to 275 ug g~ DW in total content (Figure 5; Table S5). For
example, ‘Acheleias’, a cultivar from the WMed group, was character-
ized by markedly higher contents of individual polyphenolic com-
pounds, such as catechins, epicatechins, chlorogenic acid and rutin
and therefore could be recognized as a rich source of key bioactive

health benefiting compounds. Among the monomeric flavonoids,

epicatechin and catechin are usually highly abundant in the fig fruit
(Wang et al., 2017). Other good sources of chlorogenic acid were
‘Aspra Klirou’, ‘Aspra Polis’, ‘Livano’ and ‘Smirna’, whereas
‘Melograno’, ‘Mission’, ‘Napolitana Negra’ from the WMed group
contained high rutin levels. It is worth mentioned that no metabolic-
based grouping of the examined cultivars was observed, suggesting
that metabolomic fingerprinting cannot reflect the genetic relationship

among the different fig genotypes.

3.7 | Genome-wide association study on fig plant
and fruit agro-morphological traits

The National Fig Tree Germplasm Repository (Institute of Olive Tree,
Subtropical Crops, and Viticulture, Kalamata, Greece) maintains an
extensive collection of fig cultivars. This diverse collection presents a
unique chance to carry out detailed phenotypic observations over
several years, thereby reducing environmental impacts on the pheno-
type for application in GWAS. Following the International Union for
the Protection of New Varieties of Plants-UPQV guidelines, we quali-
tatively assessed 23 morphological and fruit traits using the specified
fig tree descriptors (Table S2).

The Pearson correlation analysis of 23 phenotypic traits
(Figure 6A) revealed that the number of leaves on a two-year-old
shoot has a positive correlation with three other plant characteristics,
namely growth habit, vigor and branching density. Notably, branching
density also shows a positive relationship with fruit quantity and mat-
uration timing while inversely relating to fruit size and juiciness, two
attributes of significant horticultural importance. The classification of
the productive type (one crop/year, two crops/year, Wild) is logically
linked to key fruit characteristics such as quantity, pulp color, and juic-
iness. The principal component analysis (PCA) conducted on the phe-
notypic traits of 39 fig genotypes did not exhibit clear clustering
based on their geographical groups (MEMed, SEMed, and WMed)
(Figure 6B). However, the principal components PC1 and PC2 were
effective in distinguishing several genotypes within the same group
(Figure 6B).

Leveraging the extensive phenotypic and genomic data acquired
in this research, the challenge of a GWAS was undertaken to identify
associations between genetic variations and observed traits. The
study panel included 39 of the 53 genotypes, focusing on 23 agro-
morphological characteristics, as detailed in Table S2. The GWAS was
performed with a total of 87.223 SNP variants after filtering for minor
allele frequency (MAF) (20.1), minor allele number (25), and missing
rate (<0.5). Bonferroni correction was applied to minimize the identifi-
cation of false positive alleles and to determine significant peaks.
Manhattan plots were created for each characteristic to illustrate the
SNPs that showed a significant association with the agro-
morphological traits throughout the F. carica genome (Figure 6C;
Figure S1; Figure S2).

The present GWAS study revealed significant associations at sev-
eral loci in 3 fruit traits (fruit number, fruit juiciness and fruit lenticel

presence) and the productive type (Figure 6, Figure S1, Figure S2).

85U8017 SUOWWIOD BAIE8.D 3(edl|dde ayy Aq peuIenob afe saiie YO 9sN o sa|nJ Joj Akeid8UIIUO AB|IM UO (SUORIPUOD-PUR-SLLIBI WO A8 |1 Afe.d[BUl [UO//:SANL) SUORIPUOD Pue SIS | ) 88S *[7202/TT/ST] Uo ARiqiauliuo Ao|Im ‘Yoressay Buipesig ueid 82€ IdIN Ad z8vr T |dd/TTTT 0T/I0p/woo" A8 1M Aselq 1 pul|uo//Sciy Wwo.j pepeo|umod ' ‘7202 ‘vSOE66ET



BAZAKOS ET AL.

11 of 14

ia Plantar

Morphological traits

.
N
a Plant growth habit - b !
Plant vigor 033"
Plant density llnlglné:h[ng 0.16 /040" [N ;
rminal bud size {0.12 012 020 [0 : H
Two-year-old-shoot shape 1020 004 007 -0.1s 0 Pearson correlation 2. :
Leaves number on 2-old-shoot -{041* 053%042 0.18 -0.18 [ 1‘ _1 '
Leaf predominant type {-0.26 009 -020 -0.13 005 0.4 - - H
Leaf base shape +{-034* 047 007 000 012 013 044" s !
Leaf base length 010 014 :043* 023 -031 -0.12 0.07 -002 [ X '
Leaf lobes on petiole sinus {001 004 011 003 004 -0.10 0.12 0.10 -022 N © i
Productive type {0.14 003 015 -002 008 027 -008 0.16 -042"-0.11 % ~ 0--F-- o b NENC LN 1
Fruit number H0.19 023 033* 001 002 030 -023 001 -0.27 -0.10 047 = !
Fruit shape {030 045% 0.19 0.19 -002 015 -0.14 016 045 019 0.2 022 [ N !
Fruit size {007 016 -033* 020 030 029 025 011 035 018 004 002 -004 N 8 A
Fruit neck {024 033" 021 014 -022 005 -027 -028 028 -047 -004 (031 [BSEH -0.0+ HN ]
Fruit stalk length {002 002 018 001 002 008 013 005 013 -008 028 -0.11 031 008 -005 [ I8
Fruit skin color{0.13 -001 013 007 -026 017 -0.10 -008 -0.05 021 0.14 -006 004 000 010 0.17 [N
Fruit density of lenticels 002 0.2 022 004 -004 020 007 022 015 -016 038" 017 0.2 [038% 004 -0.07 001 [N -2 ;
Fruit lenticel presence {-001 008 -017 -005 -008 001 026 015 027 005 -026 -046%-005 0.11 000 015 -0.19 013 [N H
Fruit ribbing {011 001 011 006 -0.15 010 003 004 -0.12 009 0.6 014 028 001 -0.05 -030 010 0.2 -0.16 !
Fruit pulp color {-006 0.06 -028 023 -006 -033 000 030 020 0.1 051*.03¢" 007 008 [036% 0.13 000 028 045 028 1
Fruit juiciness {-003 -030 035 008 -0.09 -018 -005 -0.12 032% 0.12 :0.46"-044" 024 028 -0.04 023 -0.07 -0.03 [040% -0.18 048" !

Fruit maturity time 1-0.08 0.3 [038* 027 009 -0.03 043" 0.04 -0.11 -005 -0.07 0.5 0.0 -026 007 013 -043 -0.02 027 0.00 -024 -027 [N 25 (I) 25 5
> O 2 S 22 S L o & Lo SS90 @ $ o @ e -
> _90{\9&)(\«0 Qoo.c\ &R Q\ \4\05‘2 & & & & so\o,&\ k‘o\‘g&o &§ PC1 (18.7 %)

S IS TR LT ITETFTIELTTESTS e o
S P EN ST T TP FTSFTITCLRNFNFIIT SIS
FOLILSEFILFTSISE T T P FNEL S
ECEPNEG) Sy &S . DRSNS
&q LEY Q t’oe;’; oé §Q@ « 5(“‘5@&\0 Q& Q‘S‘&&
® FE LS EV IS NN <&
& f’m N 0"”\ & NI
Q S & N & &
N 2 o
K@ N
© >
~
c @
1 6653291 HRef W Hz MAIt 2_10889214 Productive Type 6_11866255
G/T T/A /T
Chrd ChrS

\ Chrl

CV chra

-log10(pvalue)
oON SO R

— Chrg Chr10 Chril

@

3

[

>

=

' v G 8 2 Y. G « 2 o 8 v
2% %2 %% % % % %Y

FIGURE 6
phenotypic characteristics of 39 fig varieties and their distribution into

Cchré / Cchr?

R A N S
%9 % % % 9 9% %
N
chri2 chria d <
[}
=
3a
=)
: [
5 L OZ
-
. ' [=
< v 17 S —CI’O

0 1 2 3 4 5
-log10(Expected P)

a) Analysis of Pearson correlation among 23 morphological characteristics. b) Principal component analysis (PCA) focusing on the

three population groups as shown in Figure 3 (SEMed, MEMed, WMed).

¢) Manhattan and d) quantile-quantile (QQ) plots from GWAS on the productivity type in 39 fig tree varieties. The plots display log-transformed
P-values in relation to their chromosomal positions for 87,223 single nucleotide polymorphisms characterized by a minor allele frequency (MAF)
(20.1), a count of minor alleles (=5), and a rate of absence (<0.5). The Bonferroni threshold is depicted by a horizontal red line. The pie charts

depict the distribution of SNP alleles among the 39 fig tree genotypes,
alleles (Hz), and homozygous alternative alleles (Alt).

In our GWAS, we have identified several loci that are associated
with fruit number (yield), fruit juiciness (quality) and fruit lenticel pres-
ence (morphology) (Figure S1; Figure S2). Based on the position of the
significant SNPs, we scanned within a 100-kb interval (LD) the
F. carica genome (Usai et al., 2020) for annotated genes (Table S14).
Apart from SNPs that were linked to previously annotated genes,
numerous loci were found to encompass a wide array of genes with
unknown functions. Then, we further identified all the high-impact
SNPs that are annotated as ‘stop gained’; ‘stop lost’; ‘start lost’;
‘splice acceptor variant’; and ‘splice donor variant’ in those genes, by
performing the functional annotation (SNPeff) (Table S14).

Fruit juiciness is a commercially important trait that is strongly
associated with fig fruit quality. In our GWAS, the significant peak is
found in chromosome 11 (11_3738288) (Table S14; Figure S1).
Several genes are annotated within the LD interval; however, the
most interesting is the gene ‘FCD_00013907° that encodes the
flavoprotein subunit, succinate dehydrogenase subunit 4 (SDH)

categorizing them into homozygous reference alleles (Ref), heterozygous

(Table S14). A previous study of the llex paraguariensis St. Hil. (yerba
mate) tree revealed that SDH is upregulated in response to drought,
serving as a physiological mechanism to prevent tissue desiccation by
inducing stomatal closure during the initial phases of dehydration
(Acevedo et al., 2013). Consequently, this suggests that SDH may also
influence fig fruit juiciness by contributing to the avoidance of
water loss.

The presence of lenticels in fruit is a morphological trait with
agro-commercial significance since they reduce the fruit appearance
quality. GWAS identified 3 loci with significant peaks, two
(1.599366° and ‘1_4564788’) and one (‘3_6457765’) in chromo-
somes 1 and 3, respectively (Table S14; Figure S1). Among the genes
that are annotated within the LD intervals of those 3 loci, we have
identified the gene ‘FCD_00028979°, in chromosome 1, which
encodes LOB domain-containing protein 36-like (Table S14). LBD pro-
teins form a unique group of transcription factors exclusive to plants,

which are crucial for controlling the development of plant organs and
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are linked to critical developmental processes in fruits (Grimplet
et al., 2017). Thus, the gene ‘FCD_00028979° could be implicated in
lenticel development and its occurrence on the fig fruits across vari-
ous genotypes.

Apart from the fruit traits, we have performed GWAS on the pro-
ductive type of trait. Fig varieties are classified into one of three
productive types: a) wild (caprifig); b) Smyrna (non-parthenocarpic and
requires pollination from the caprifig's profichi to develop its main
crop) or Unifera, and c) San Pedro (produces its main crop following
caprification and its second (breba) crop parthenocarpically) or Bifera,
(Ferrara et al., 2016). Association analysis of the present dataset iden-
tified three loci on chromosomes 1,2 and 6 (Figure 6; Table S14). The
most significant SNP (1_6653291) is located in an intron of the gene
‘FCD_00032790’ that encodes the GDSL esterases/lipases (GELP). Inter-
estingly, the GDSL-type esterase/lipase gene, GELP77, causes male steril-
ity in Arabidopsis and it is also needed for microspore nucleus
development and pollen dissociation (Tsugama et al., 2020). Therefore,
GELP could be a potential candidate gene that is related to the reproduc-
tive type in fig trees. Notably, the investigation for other candidate genes
within the LD interval of “1_6653291”, identified 7 tandem genes
(‘FCD_00032793’;’FCD_00032794°;’FCD_00032795’;’ FCD_00032796°;
FCD_00032797’;FCD_00032798’;"FCD_00032799°) that encode the
agamous-like MADS-box protein (AGL62) (Table S14). In plants,
floral morphogenesis is affected by homeotic transcription factor
families such as the AGAMOUS (AG) (Koornneef, de Bruine and
Goettsch, 1980). AG participates in the induction of reproductive
organ development in Arabidopsis through the formation of com-
plexes with other MADS-box proteins (Homma and Goto, 2001).
Furthermore, AGL62 is essential for inducing auxin synthesis in
the endosperm of both strawberry and Arabidopsis, thereby facili-
tating successful fertilization (Guo et al., 2022). Therefore, the
identification of AGL62 tandem genes within the LD interval
makes it a very strong candidate for contributing to the productive
type trait in fig trees and consequently to the future breeding
efforts of F.carica L.

A significant finding within the linkage disequilibrium
(LD) region for SNP 6_11866255 on chromosome 6 was the identifi-
cation of a stop-gained mutation in the COBRA-like protein 4 gene
at Chr6:11816120 (C/G) (refer to Figure 6; Table S14). This gene is
crucial for cell wall synthesis and modification, processes that play a
key role in determining fruit texture and firmness (Cao et al., 2012).
The mutation in the COBRA-like protein 4 gene indicates possible
changes in the firmness of the fruit, which could greatly affect the
post-harvest longevity of figs and, consequently the consumer
preferences.

Our findings contribute to the understanding of the genetic basis
of important fruit and agronomic traits in fig trees while offering
promising candidate targets for future breeding efforts. Given the
economic and nutritional importance of figs, these genetic markers
hold significant potential for the agricultural industry. Further studies
are required to validate the functional consequences of these SNPs
and to explore their potential use in marker-assisted selection

programs.

4 | CONCLUSIONS

The current comprehensive genomic analysis of 53 fig tree geno-
types has yielded a rich repository of genetic information. A high-
density variation map of 5,501,460 high-quality SNPs and
1,228,537 InDels, along with the SVs and CNVs not only provides
an extensive overview of the genetic diversity within the fig tree
species but also establishes a foundational framework for future
research and breeding efforts.

Additionally, the in-depth analysis of genetic variations, coupled
with insights into the fig tree's cultivation history and signatures of
selection in its genome, provides valuable information for future
breeding programs. The elucidation of variation in genes involved in
flowering and the phenylpropanoid-flavonoid pathway, as well as the
assessment of fruit quality and metabolome variation, offers robust
candidate genes for future functional analysis and breeding efforts.
The present GWAS analysis identified critical SNPs associated with
fruit quality and morphological traits. The discovery of significant can-
didate genes, such as AGL62, GDSL, and COBRA-like protein 4 genes,
offers promising targets for marker-assisted selection and genome
editing approaches to improve fig fruit morphological and quality
traits. This extensive genomic analysis of fig trees enhances our
understanding of the genetic basis of important agronomic traits and
provides a rich resource for future research in this economically
and nutritionally significant fruit.
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