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Abstract

Key message The first insight into the genome of Ficus carica L. with a gene target marker (conserved DNA-derived
polymorphism (CDDP)) and assessment of genetic diversity mostly related to functional domains of plant genes.
Abstract To improve the molecular database of Ficus carica L. species, we report for the first time the use of conserved
DNA-derived polymorphism (CDDP) as a gene-targeted marker to assess molecular diversity, and establish relationships
among 62 Tunisian cultivated and wild fig trees. The mapping process for the in silico analysis of CDDP primers against the
whole F. carica genome cv Dottato verified the specificity of the CDDPs and the stringency of PCR conditions. Overall, a
set of twelve CDDP primers were tested revealing 200 markers. Based on the polymorphic information content (PIC=0.90),
resolving power (Rp=2_8.13) and the level of polymorphisms (98.04%) CDDP markers were found to highly discriminant and
informative compared to other non-targeted methods. The UPGMA dendrogram revealed that Tunisian figs could be dif-
ferentiated into three main groups, which was also supported by the principal coordinate analysis. The analysis of molecular
variance (AMOVA) suggested that the maximum genetic variation was within groups (86.10%) with less variation among
groups (19%) indicating that there is a limited diversity that distinguishes fig groups. Here, we present the first report in
which a targeted DNA region molecular marker successfully clustered the Tunisian fig germplasm depending on the sex,
the botanical classification of figs and consistently in agreement, with their geographic origin). The results highlight that
the CDDP markers are able to characterize wild and cultivated Ficus carica L. species and provide a new valuable tool for
further genome investigation and will guide the development of conservation and management strategies for existing fig
tree germplasm.
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Introduction

The fig tree (Ficus carica L.) belongs to Ficus genus of the
Moraceae family (Flaishman et al. 2008). It is a gynodioe-
cious species with two sexual forms: male trees (Caprifig)
and female trees, showing a diploid genome configuration
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with 26 chromosomes (Essid et al 2015; Knap et al. 2016).
Since only subspecies caprificus (Male fig) produce pollen
for commercial fig plantings (Marcotuli et al. 2020), and
their figs host the pollinator, Blastophaga psenes L. (Achtak
et al. 2010). The subspecies domestica (domesticated, com-
mon, or female fig) is functionally dioecious and is the only
producer of edible figs (Falistocco 2016; Aljane and Fer-
chichi 2009).

The edible fig is the first crop grown in the world (Kislev
et al. 2006). The East Mediterranean region (Turkey, Syria
and Saudi Arabia) was considered as the origin of the Ficus
carica L. species from which its cultivation expanded to the
whole Mediterranean region (Kislev et al. 2006). Accord-
ing to the Food and Agriculture Organization of the United
Nations, nowadays fig trees are grown in 55 countries around
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the world and yielded about 1.1 million tons of fresh figs
while Tunisia is the ninth fig fruit producer in the worldwide
(FAOSTAT 2019).

In Tunisia, local fig cultivars are numerous and well
adapted to the agro ecological conditions, thus representing
an important case for study genes linked to biotic and abiotic
stress (Aljane and Ferchichi 2010). Moreover, wild fig trees
are abundant, which propagate exclusively by seeds, (Fal-
istocco 2016) and mostly present between rocks along the
riverbanks and in steep-sloped valleys where seeds are easily
disseminated by birds (Ben Abdelkrim et al. 2015; Falis-
tocco 2020). However, the local fig resources are currently
highly threatened by genetic erosion due to various stresses
including intensive urbanization, monovarietal cultures,
attacks of pathogens (such FMD: Fig Mosaic Disease), and
lack of selected caprifigs (Mars 2003; Salhi Hannachi et al.
2004; Caliskan and Polat 2012). Hence, there is an urgent
need to maintain the present fig resources as much as possi-
ble, not only for the long-lasting survival of the species, but
also to guarantee enough variability for breeding programs
(Esquinas Alcazar 2005; Caliskan and Polat 2012). To date,
the genetic diversity level of cultivated figs has widely evalu-
ated, but wild figs and caprifigs still remain to investigate.
(Ben Abdelkrim et al. 2015; Knap et al. 2016; Essid et al.
2015; Caliskan et al. 2018).

Several studies have been conducted on Ficus carica gene
expression (Freiman et al. 2015; Chai et al. 2017; Marcot-
uli et al. 2020), functional genomics (Ikegami et al. 2013;
Mori et al. 2017; Zambrano et al.2017), and transcriptome
sequencing (Freiman et al. 2014; Zambrano et al.2017; Cui
et al. 2019; Vangelisti et al. 2019; Wang et al. 2019). Genes
encoding for FEMADS-box transcription factors and ethyl-
ene-response factors (ERFs) such as ERF1 were found to be
closely associated and strongly up regulated during fig matu-
ration and fruit ripening, respectively (Ikegami et al. 2013;
Freiman et al. 2014, 2015). In addition, Ikegami et al. (2013)
showed inter-type variations in B- and C-class MADS-
box gene homologs, which are believed to be involved in
sexuality. Newly, Vangelisti et al. (2019) demonstrated the
over-expression of ABA-dependent genes (e.g., MYB and
WRKY) known to be involved in salt stress response in F.
carica.

Nowadays, thanks to available genomics data resources,
several molecular markers encoding candidate genes have
been developed and more studies were associated to these
gene-targeted markers such as Conserved DNA derived pol-
ymorphism (CDDP) (Collard and Mackill 2009). The CDDP
technique is based on a single primer amplification reaction;
primers are designed precisely to target conserved sequences
of plant genes. In fact, 15- to 19 oligonucleotides primers
for PCR as forward and reverse primers were used under a
high annealing temperature (50 °C) to amplify reproduc-
ible and polymorphic markers when the DNA sequence of
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the conserved region was reverse complemented (Collard
and Mackill 2009). PCR amplification using gene-specific
primers can targets conserved sequences of gene families
present in multiple copies in the plant genome so given the
number of conserved gene regions, many regions could be
targeted by CDDP technique. Therefore, CDDP markers
can easily generate functional markers linked to the related
plant phenotype (Poczai et al. 2013). Since highly conserved
DNA regions share the same priming site that is extended in
the genome across different plant species but differs in their
genomic distribution, variation can be detected as length
polymorphism within these regions (Poczai et al. 2013).
Due to their dominant nature, polymorphism and high
reproducibility, CDDP markers have been used to resolve
homonymy and synonymy problems, explore diversity and
describe relationships among cultivars of several species
such as: Chrysanthemum (Li et al. 2013), Paeonia (Chen
et al. 2018) Triticum (Seyedimoradi et al. 2016), Phoenix
dactylifera (Atia et al. 2017), Rosa rugosa (Jiang and Zang
2018), Anthurium andraeanum (Saidi et al. 2018), Cartha-
mus tinctorius (Talebi et al. 2018), Pistacia vera (Aouadi
et al. 2019), Elaeagnus macrophylla (Wang et al. 2020),
Salix taishanensis (Liu et al. 2020) and recently in Musa L.
(Okeh Igwe et al. 2021).

In this work genomic regions have been amplified by
short primers designed on genes like WRKY, MYB, ERF,
KNOX, MADS, and ABP1, which are mostly involved in
regulation of plant development processes or biotic and abi-
otic stresses response. The study herein reports for the first
time the use of CDDP technique to develop molecular tools
as a gene-targeted marker to assess genetic diversity and
establish relationships among 62 Tunisian cultivated and
wild figs trees. The provided data can be used to preserve
fig germplasm and develop an efficient breeding program,
propose recommendations for the development of conserva-
tion strategies for these resources in the face of the climate
change predicted for the upcoming years.

Materials and methods
Plant materials

Sixty-two Tunisian fig accessions, including 11 male figs
or caprifigs (five wild pollinizers and six cultivated) and 51
female figs (24 wild and 27 cultivars) were collected from
different geographical locations through Tunisia (North,
Center, South and Island of Kerkennah) (Table 1, Fig. 1).
For the cultivars, the sampling strategy was conducted by
questioning farmers and for wild fig trees, our sampling was
carried out according to some ecological criteria such as
the soil type, humidity and temperature of prospected sites.
These criteria specify the natural habitats fig distribution,



Trees

Table 1 Listing of Ficus carica L. accessions included in this study indicating their geographic origin, sex (common or caprifig), type (wild or

cultivars)

Code Cultivar name/label individual's Sex type Locality Region
Caprifig groups (cultivated and spontaneous)

1 Dhokkar 4 Rafraf North East
2 Caprifig F207 a8 Neftasouani South West
3 Caprifig F208 ) Neftasouani

4 Caprifig F209 ) Neftasouani

5 Wild pollinator P4 Zag tir ) El Alia North East
6 Wild pollinator P5 a8 Ras jebal

7 Wild pollinator P10 a8 Bejjou

8 Wild pollinator P11 a8 Bejjou

9 Wild pollinator P12 a8 Bejjou

10 Jrani a Chott Mariem Collection (I.S.A) East(Sahel)
11 Assafri o)

Cultivated fig group

12 Q Q Rafraf North East
13 Q Q KerkenahIsland Center East
14 Q Q KerkenahIsland

15 Kahla Cherki Q KerkenahIsland

16 KhédhriHorr Q Kesra North West
17 TirriHorr Q Kesra

18 SafriGuaress Q Kesra

19 Dam Froukh Q Kesra

20 Soltani Q Germplasm collection of the High Agro-  East (Sahel)
21 BighBeghal Q nomic Institute (I.S.A) of Chott-Mariem

22 Zidi Q

23 Besbessi Q

24 Goutti Q

25 Bidhi Q

26 Bither AB Q

27 Hemri Q

28 taganimt Q

29 HobbiAbyath Q ‘Centre Régional de Recherches en Agri- SouthWest
30 Boumarra Q culture Oasienne (CRRAO)’ Degache

31 Zidi jamrou Q

32 Bsisassal Q

33 KhlitJbéni Q

34 BasoulElkhadem Q

35 Hammi Q

36 AounkEhmém Q

37 khzéfi Q

38 Limi Q

Wild fig group

39 FAS 11 Q El Mida North West (CapBon)
40 FAS 12 Q El Mida

41 FAS 13 Q El Mida

42 FAS 14 Q El Mida

43 FAS 22 Q Haouaria

44 FAS 23 Q Haouaria

45 FAS 25 Q Haouaria

46 FAS 27 Q Haouaria
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Table 1 (continued)

Code Cultivar name/label individual's Sex type Locality Region

47 FAS 37GE Q Ghar el milh North East

48 FAS 45 Q Ghar el milh

49 FAS 46 Q Ghar el milh

50 FAS 47 Q Rafraf

51 FAS 49 Q Rafraf

52 FAS 55 Q Rafraf

53 FAS 28 Q Kerkenah Island Center East
54 FAS 30 Q Kerkenah Island

55 FAS 34TN Q Kerkenah Island

56 FAS 35TN Q Kerkenah Island

57 FAS 63 Q Siliana North West
58 FAS 65 Q Siliana

59 FAS 88 Q Kesra

60 FAS 90 Q Kesra

61 FAS 93 Q Kesra

62 FAS 96 Q Kesra

between rocks along the riverbanks, steep-sloped valleys,
and islands as reported by Nabli (1991) and Aljane et al.
(2008).

DNA extraction and PCR amplification

Total genomic DNA was isolated from young leaves sam-
pled from adult trees following Dellaporta et al. (1983)
method. The DNA concentrations were quantified using a
Qubit® fluorometer (purchased from Invitrogen) and their
quality was checked on a 0.8% agarose gel electrophoresis
(Sambrook et al. 1989). DNAs were diluted to a final con-
centration of 30 ng uL~'with ultrapure water and stored at
— 20 °C until used.

Twelve CDDP primers corresponding to conserved
regions of six genes: WRKY, MYB, KNOX, ERF, MADS
and ABP1 were selected for PCR amplification following
Collard and Mackill (2009) (Table 2). CDDP-PCR mix-
ture contains approximately 30 ng/uL of template DNA,
(10X) PCR buffer, 25mMMgCL,, 20 mM deoxyribonu-
cleotide triphosphate (ANTP), 0.5 U of Taq polymerase and
10 mM of each primer. The reaction volume was adjusted
to 25 pL withMilli-Q water (Millipore, Europe). The PCR
was performed in a thermal gradient cycler TProfessional
TRIO Thermocycler (Biometra, Germany)begins with an
initial denaturation step at 94 °C for 3 min, followed by
35 cycles (DNA denaturation at 94 °C for 1 min, optimal
annealing temperature for 1 min, elongation at 72 °C for
2 min) with a final extension at 72 °C for 5 min (Collard and
Mackill 2009). All The amplified products were resolved
on 1.5% agarose electrophoresis in 0.5X TBE buffer (8 mM
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Tris-borate, 8.9 mM boric acid, 8 mM EDTA), stained with
ethidium bromide (0.5 mg ml~!) and visualized under UV
light (Bio-Rad, USA) and photographed using a Gel Docu-
mentation System (Bio-Rad Gel Doc 2000, USA).

In silico estimation of expected number of bands

To verify the specificity of CDDPs used in the PCRs, the F.
carica genome cv Dottato (GCA_009761775.1, Usai et al.
2020) available on the NCBI site (https://www.ncbi.nlm.
nih.gov/) was downloaded and the oligonucleotides were
searched against the whole genome using the "Find bind-
ing sites and create fragments" function of CLC Genom-
ics Workbench v21 (CLC-BIO, Aarhus, Denmark). Several
analyses were carried out to find the specific values for
the “minimum number of base pairs required for a match”
and “number of consecutive base pairs required in 3'-end”
parameters. In particular, for 15 bp_long CDDPs these
parameters were set to 10 and 7 bp, 11 and 8 bp, 12 and
9 bp, respectively. Concerning, CDDPs with length of 17
and 18 bp, the same parameters were set to 11 and 8 bp, 12
and 9 bp, 13 and 10 bp, respectively. The PCR fragment
length range was set between 200 and 3500 bp.

Data scoring and diversity measures

For each CDDP primer, the amplified bands were scored
according to the presence (1) or absence (0) of the same
size, the data were then transformed into a 1/0 binary matrix.
Here we considered only clear and reproducible bands
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Fig. 1 Map of Tunisia and geographical distribution of Ficus carica
L. samples studied

amplified in data scoring. Description about score evalua-
tion is described as follows.

The total number of amplified bands (TNB) and the num-
ber of polymorphic bands (NPB) were calculated to value
the efficiency of each CDDP primer and detect polymorphic
loci among the accessions. The ability of the most informa-
tive primers to differentiate between fig accessions was
evaluated by calculating their resolving power (Rp) based
on the formula of Prevost and Wilkinson (1999):

Rp = ) Ib,

where Ib is the band informativeness with Ib=1 — (2 x|
0.5 — p 1) and where p is the proportion of genotypes con-
taining the band I.

The resolving power is based on the distribution of
detected bands within the sampled genotypes.

The polymorphism information content (PIC), which
measures the ability of a marker to detect polymorphisms,
was estimated according to Smith et al. (1997) using the
formula:

PIC = 1— Z Pi2,

where Pi is the frequency of the ith allele for all genotype
obtained.

The similarity matrix UPGMA dendrogram and PCoA
analysis

To establish the relationships among Tunisian fig accessions,
a similarity matrix using the Ochiai coefficient (Ochiai 1957)
was calculated. According to the similarity matrix data, a
dendrogram based on cluster analysis using the Unweighted
Pair Group Method with Arithmetic Means (UPGMA) algo-
rithm and Principal Coordinate Analysis (PCoA) were per-
formed with the Paleontological Statistics (PAST) software
Version 3.25 (Hammer et al. 2001).

Hierarchical analysis of molecular variance (AMOVA)

AMOVA was performed with GenAlEx 6.51 program
(Peakall and Smouse 2012) based on the CDDP markers.
The AMOVA components were used as an estimation of
molecular diversity at two hierarchical levels to examine the
differences among and within Tunisian Ficus carica groups.
The significance of P values (P <0.001) was tested non-
parametrically, after 1000 random permutations.

Results
In silico results

The specific parameters for the in silico verification of
CDDPs against the whole F. carica genome cv Dottato were:
(a) minimum ten base pairs required for a match and mini-
mum seven consecutive base pairs in 3'-end for CDDPs with
length of 15 bp, and (b) minimum 11 base pairs required for
a match and minimum 8 consecutive base pairs in 3’-end
for CDDPs with length of 17 and 18 bp. Stricter parameters
(i.e. greater number of base pairs required for a match) led
to the identification of a much smaller number of genomic
targets than the number of observed bands, with a mean
value of 2.42 and 0.84 putative virtual fragments. The map-
ping process based on the chosen parameters resulted in a
mean value of 46.33 putative virtual fragments (Supplemen-
tary Table S1). The result is in line with those achieved in

@ Springer



Trees

juojuod uonewrroyur wstydrowAjod H7 g ‘Tomod Surajosar dy

‘spueq orydiowA[od jo a3ejusorad g44 ‘spueq owydiowAjod jo roqunu ggN ‘spueq Jo roquinu [e10) gaZ ‘stowtid JggD jo aimjeradway Surresuue oyl 17, ‘(%) 1uju0d suisojko—auiuens (%) DO

er'g 060 ¥0'86 9991 Ll UBIA
¥9°L6 - - 00C ¥0C [e10L
0y 6180 00T 6 6 008-000¢ oF €L ST DOHIIVIOILVSOOSOV ldgav
LLY'L  906°0 001 Ll Ll 00€-00s€  0S €L 9! DDIDVIILVSIISOV I-1dav uejord Sutpuiq-urxny - 149V
juawdoforap
yee's  L80 001 91 91 00¥—000C  0S L 81 HILODVOHSOOOVOIDLSLO y-SAVIA pUE UONENTUT UESIO [EIO) SUI[[OIUOD UT PIAJOAUT  SAVIN
§ce'8 2060 ELY6 8L 6l 00€-00S€ 81 1SY LT DOHVVDDIOVOSDODOVV £-XONM urewoposwoy anbrun e yim
€619 7680 001 4! 4! 005-000C 0§ L9 81 DOVOSLOHVDOODIODILOVO T-XONY  sIo)dey uondiosuern se uonouny jey) souas xoqoswoH  XON
9IS TT +€6°0 001 0c 0¢ 00C—00sC 0§ S9 Ll VOILLSOVIDOSLODDL €494 Kemyjed soue
el 160 001 61 61 00€-000C 0§ LL Ll DISLOSOHOHODIDVILOVO [4dd -1S1801 soseasIp Jue[d ur paAjoaur 10joej uondrosuery, Jd4
(s1soua3oydiow Je[n[[ao ‘SISSANS O1)0Iq puE
€8’ vl 8760 001 ve e 00€-00sC  0S 08 ST 0130 01317019]3:9)°A019]3] [QAN  d1I0IQe ‘WIST[OqeIdW ATEPU0dDS Ul pajedt[dur) umouyun A
91Sv  ¥L80 818 6 I 00€-00sC 6V €L ST DIOVSHDIOLODLODID ded-ANIM
LTI 8E6'0 00T Ic 1c 00¢-000€ 0S L9 ST DODDLIDLVSODLSODL dTd-ANIM
§90'8  CI6°0 Y16 LT 81 00€-00SC 6% €L ST OODIDLODLIOLOSVYID  €d-AMNIM s9[o1
L8€8 €160 001 81 81 002-000€ 0S L9 81 DVIIDDIVIOVVSOIODOL  [4-AMYM [edrSoorskyd pue juswdofosap 1oj 1030e) uondiosuel], XYM
dy DJOId (%)ddd g9dN dNL (dg)eSuerozig °; DO % WSuog (,€—,6) 2ouanbas oW SweU JOWLI] uonoduUNy dUAD) ikl

1 pa1IPD sn21{ Ul pajerdudd wsiydiowAjod Jo Arewwns pue A)ISIOAIp oNoudd ssasse 0) pasn sowLd (JgaD) wsiydiowA[od poALIOp-YN PRAISSUOD JO SONSLIORIRYD 7 d]qel

pringer

Qs



Trees

Group IIT

1T : Cultivars group I: Caprifigs group

I11-2 Cultivars of Sahel I1I-1 Subgroup of Wild female

-2 Wwild Cultivated

j -

FA
FAS37

0.900

0.825-

0.750

Similarity

0.675

0600 I-1 -2

Safri Guaress
Dam Froukh
Tirri Horr
Hammi
khzéfi

0525 1II

Fig.2 UPGMA dendrogram obtained from cluster analysis of 62
Tunisian fig trees based on Ochiai’s similarity index matrix showing
the relationships between the three different fig groups. The colors
correspond to the three fig groups studied (red: wild female; bleu:

PCR experiments, considering multiple factors that come
into play during PCR reactions. They cannot be adequately
taken into consideration into an in silico analysis (e.g. tem-
peratures, GC contents, primer and salt concentration, etc.).
It is also important to bear in mind that the reference genome
belongs to a different cultivar from those analyzed. Hence,
the number of putative fragments obtained from the in silico
analysis should support the specificity of the CDDPs and the
stringency of PCR conditions.

Diversity results

For the analysis of molecular polymorphism in Ficus carica
L. species, 12 CDDP primers were designed on conserved
regions of six genes involved in several features derived from
the genomic DNA of plants. As illustrated in Table 2, these
primers revealed 204 bands with an average of 17 bands per
primer. The number of polymorphic bands (NPB) is 200 in
total, and varied from nine bands for the ABP1-2 to 24 for
Mybl1 primer with an average of 16.66 bands per primer,
indicating that Mybl is most efficient in the detection of
polymorphism, against the ABP1-2primer which appears
to be less effective since it yields the lowest number of
polymorphic bands. The percentage of polymorphic bands
(PPB) varied from 81.82% for WRKY-R3B primer to 100%
for nine primers: WRKY-F1, WRKY-R2B, Mybl, ERFI,
ERF3, KNOX-2, MADS-4, ABP1-1 and ABP1-2 with a rate

cultivated female and green: wild and cultivated caprifigs). The clos-
ing brackets colored in black represent the fig samples belonging to
the same geographical distribution

of polymorphism of 98.04%. The size of the fragments gen-
erated varied from 200 bp for the primers WRKY-F1 and
ERF3 to 3500 bp for ABP1-1 and KNOX-3 primer. The pol-
ymorphism information content (PIC) varied from 0.819 for
the ABP1-2 primer to 0.948 for Myb1 primer with a mean
of 0.90 (Table 2), which shows that the CDDP primers used
are very discriminating. The resolving power (Rp) varied
from 4.032 for the ABP1-2 primer to 14.483 for Myb1 with
an average of 8.13 and the collective value of the resolving
power is 97.64 (Table 2) indicating that these loci were very
informative and with high reproducibility.

Cluster analysis

The UPGMA clustering dendrogram of the 62 fig accessions
was constructed based on similarity coefficient of Ochiai
(1957). The similarity indices ranged between 0.370and
0.970.The smallest was recorded between ‘Kahla cherki’
variety from Kerkennah Island and the wild pollinator
‘P12’ from Bizerte, which seem to be the most divergent.
While ‘Hemri’ and 'Bither AB', 'Bidhi' and 'Goutti' cultivars
maintained in Chott Mariem germplasm collection, display-
ing the highest distance, seem to be the most genetically
similar accessions, and closely clustered, all the remaining
fig accessions exhibited intermediate levels of similarity.
The UPGMA dendrogram highlights the formation of three
major groups (Fig. 2).
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Cluster I gathered the male figs from northern and south-
ern Tunisia except the two caprifigs (‘Jrani’ ‘Assafri’)
housed in Chott Mariem collection from the Sahel region.
This group is divided into two sub-groups, the first one (I-1)
includes wild male pollinizers (‘Zag tir P4’, P5, P10, P11
and P12) collected from ‘Bizerte’ (Northeast of the country),
and the second one (I-2) contains the cultivated caprifigs
‘Dhokkar’ from ‘Bizerte’ plus F207, F208 and F209 from
‘Naftah’ in the south.

Cluster II is homogeneous which assembles the cultivated
female fig from the northeast, center and southwest. The cul-
tivar ‘Besoul Elkhadem’ maintained in the ‘Centre Régional
de Recherches en Agriculture Oasienne (CRRAO) Degache’
collection from southwest diverges significantly from the
other cultivars of the same germplasm collection as well as
all the other female cultivars and stands alone as a subgroup
(II-1). However, the subgroup (II-2) contains the remaining
cultivars from Degache collection clustered together with
the remaining ones from the northeast, Kerkennah Island,
and the center of the country.

Cluster III clustered all the wild fig accessions and the
remaining cultivars together and formed a heterogeneous.
This group is divided into two sub-clusters: a first hetero-
geneous sub-cluster (III-1) which grouped together all the
accessions of Chott Mariem collection from Sahel and a sec-
ond homogeneous sub-cluster noted (III-2) gathered all the
wild fig populations. The sub-cluster III-2 is subdivided into
two secondary ramifications. All the female cultivars housed
in Chott Mariem collection formed the first one and the sec-
ond ramification display the detachment of the two caprifigs
‘Assafri’ and ‘Jrani’ from all the female accessions (Fig. 2).
Nevertheless, it seems that some small sub-clusters could
be grouped consistently in agreement, in major part, with
their geographic origin. For instance, the wild female cluster
(III-2) comprises the wild population from the same local-
ity: CapBon, Kerkennah Island, northeast and the center.
The group of cultivars contains accessions from the center
and the southwest of Tunisia. Finally, the group of caprifig
ecotypes comprises the northeast group and the southwest
fig ones. It is worthy of note that dendrogram clustering
closely corresponded to the sex (common or caprifig) and
the type (wild or cultivars) and consistently in agreement, in
major part, with the geographic origin of the fig tree.

Principal coordinate analysis

The principal coordinate analysis (PCoA) based on CDDP
data was also performed to get an alternative view of the
relationships and distance between the 62 Tunisian Ficus
carica L. genotypes. In fact, the first two principal axes
accounted for 17.82% and 11.69% of the total variability
(29.51%) (Fig. 3). The fig accessions were clearly classi-
fied into three groups, which was in agreement with the
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UPGMA clustering above. Indeed, the first group (I) is
composed only of male figs. This proves their similarities
and detachment from the other groups by the two axes
1 and 2 (except ‘Jran’ and ‘Assafri’). The second group
(IT) contains the entire cultivated female fig, excluding all
the cultivars of Chott Mariem collection that were closely
related and overlapped with the wild fig group (III).

Hierarchical variance analysis results

The analysis of molecular variance (AMOVA) revealed
significant differences among groups explaining 19% of
the total variation and the remaining 81% within groups
(Table 3). The moderate level of differentiation among
the three groups is justified by the large common basis
shared by fig types and exchange between them. This was
recognized as a major factor to explain the partition of the
observed diversity. These results demonstrate the presence
of genetic diversity between the figs studied and underline
the appearance of important gene flow between caprifig,
wild, and cultivated Tunisian fig tree germplasm.

Discussion

Conserved DNA regions can be used as genetic markers
across functional domains of well-characterized plant
genes and to explore genome-wide variation (Collard
and Mackill 2009). It is worthy to note that Tunisian
fig germplasm represents an important genetic resource
(Aljane and Ferchichi 2010) and CDDPs can efficiently
mark sequences of target traits to explore, characterize
and exploit this resource. Recently, the genome sequence
of Ficus carica species was released by Mori et al. (2017)
(Japanese cultivars Horraishi, about 356 Mb) and Usai
et al. (2020) (cultivars Dotatto, about 333 MBbp). These
sequences serve as valuable resources to verify the speci-
ficity of CDDPs used in the PCRs. Thus, the mapping
process of the CDDPs primers against the whole F. carica
genome cv Dottato (GCA_009761775.1, Usai et al. 2020)
was performed. The number of in silico putative fragments
ranged from 30 for MADS-4 to 58 for WRKY-R2B and
ERF1 with a mean value of 46.33 putative virtual frag-
ments. All the obtained putative fragments were higher
than the amplified fragments. For instance, the number
of in silico putative fragments is higher than the ampli-
fied fragments for WRKY-R2B (21), ERF1 (19) and for
MADS-4 (16). This result is in accordance with the results
achieved in PCR experiments, considering multiple fac-
tors that come into play during PCRs and that cannot
be adequately taken into consideration into an in silico
analysis (e.g. temperatures, GC bonds, primer and salt
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Fig.3 Dispersion of 62 Tunisian fig accessions (Ficus carica L.) in
the two-dimensional plane of the principal coordinate analysis (29.5%
of the total diversity) based on a similarity matrix. Cluster I: includes
the male figs from northern and southern Tunisia. Cluster 1I: assem-

bles the cultivated female fig from the northeast, center and south-
west. Cluster III: heterogeneous cluster assembles all the wild fig
accessions and the remaining cultivars

Table 3 Results of analysis of

. Source variation d.f Sum of squares Mean squares Est. Var Percentage of P value
molecular variance (AMOVA) variation
for the three Ficus carica
groups Among groups 2 318.957 159.479 6.698 19% 0.001
Within groups 59 1702.930 28.863 28.863 81% 0.001
Total 61 2021.887 35.561 100% 0.001

P value significance after 1000 random permutations

d.f. degrees of freedom, Est. Var. Estimated variance

concentration, etc.). We also need to consider the fact that
the reference genome belongs to a different cultivar from
those analyzed. Hence, the greater number of putative
fragments obtained from the in silico analysis than from
the PCR experiments should support the specificity of the
CDDPs and the stringency of PCR conditions.
Considering CDDP as useful genetic marker, for the
first time, we successfully applied this technique to ana-
lyze genetic diversity in Ficus carica L. genome. Thereby,
the rate of molecular polymorphism obtained in the pre-
sent study (TB =204; PB=200; PPB =98.04%) was higher
than those reported by Chatti et al. (2010) based on RAPD
(PB=60; PPB =53.09%), ISSR (PB =48; PPB =54.54%),
and RAMPO (PB =63 PPB =45.66%). As well, Dalkilic
et al. (2011) revealed a low rate of polymorphism based on
RAPD technique (TB =272; PB=76; PPB=27.9%) in 43
different male figs from Turkey. These results proved the

efficiency of CDDP markers by their capacity to reveal the
polymorphism compared to non-targeted methods. In this
study, the range of amplified fragments from the CDDP
primers was from 9 (ABP1-2) to 24 (MYB1). Similar find-
ings were reported by Okeh Igwe et al. (2021) for sixty-six
wild and cultivated accessions of the Musa genus. Thus,
421 amplified fragments were detected with CDDP mark-
ers ranging from 20 (ABP1) to 51 (MYB1) per primer and
MYBI primer was the most informative displaying the
highest PIC value (Okeh Igwe et al. 2021). In the current
study high values of the Rp (97.64), PIC (0.9) and PPB were
found. This prove the effectiveness and the power of CDDP
primer tested to survey the genetic diversity of wild and
cultivated figs compared to other gel-based molecular mark-
ers including ISSR, and RAPD. Actually, CDDP markers is
majorly used to assess populations purely meant for con-
servation and breeding purposes (Okeh Igwe et al. 2021).

@ Springer
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The usefulness of this kind of markers has been reported in
other plant species (Collard and Mackill 2009; Li et al. 2013;
Jiang and Zang 2018; Saidi et al. 2018; Talebi et al. 2018;
Aouadi et al. 2019).

Furthermore, CDDP targets conserved sequences of plant
genes involved in adaptation such as MADS involved in con-
trolling floral organ initiation and development, MYB impli-
cated in abiotic and biotic stresses, ERF involved in plant
disease resistance pathway, and WRKY encoding transcrip-
tion factors for developmental and physiological roles (Col-
lard and Mackill 2009). Wild and cultivated figs represent
a possible plant species for study reservoir of genes related
to biotic and abiotic stress. In fact, the wide distribution
of the Tunisian fig trees reflects their ability to adjust to
variable climatic conditions (Ben Abdelkarim et al. 2015).
Ikegami et al. (2013) and Rosianski et al. (2016), reported 13
ERF genes were differentially represented in parthenocarpic
and pollinated fruit inflorescence and pulp, and an inter-
type variation in B- and C-class MADS-box gene homologs
were shown, which are supposed to be involved in sexuality.
Latterly, seven markers have been investigated by amplified
by Random Amplified Polymorphic DNA-Sequence Char-
acterized amplified Region (RAPD-SCAR).As a result, only
two SNP sites located on a single gene RAN1 representing
the candidate for the sex-determination gene in fig (Mori
et al. 2017). RANI1 is involved in the activation of ethylene
receptors, which was reported to control sex phenotype in F.
carica (Mori et al. 2017). Considering all these findings, we
judged to be advantageous the choice of CDDP markers to
provide additional insight into the genome of Ficus carica L.

The clustering analysis relatively showed the existence
of a definite pattern of relationships between sex and type
of the fig tree. Evidently, genotypes from the same sex and
type were branching exclusively in a single or two clusters.
Hence, The UPGMA analysis showed three main clusters.
Cluster I includes most of the caprifigs and is organized
in two main sub-clusters in accordance to the type of tree
(wild or cultivated) and the geographic distribution. The
second cluster II gathers most of the female fig from north-
east, center and southwest of the country in one sub-cluster.
Except the cultivar ‘Besoul ElIKhadem’ branch from the
other cultivars and stand alone as a sub-group. A similar sit-
uation was observed by Boudchicha et al. (2018) that charac-
terized for the first time the genetic variability of 34 Algerian
fig cultivars using 24 SSR markers. The UPGMA analysis
clustered the Algerian fig accessions into two main groups.
Group I includes most of the Algerian cultivars, while, group
IT contains only the accessions of ‘Bezoul ElIKhadem’ cul-
tivar (Boudchicha et al. 2018). In fact, Guillonchon (1927)
and Condit (1955) described this cultivar as Tunisian varie-
ties (Boudchicha et al. 2018).Last, cluster III consists of a
mixture of wild females and all the accessions of the germ-
plasm collection of the High Agronomic Institute of Chott

@ Springer

Mariem. This clustering strengthens the hypothesis that a
fig cultivar is defined as a collection of individuals obtained
by vegetative propagation from a wild genotype that was
chosen for its agronomic features and introduced into culti-
vation (Khadari et al. 1995; Falistocco 2009). The case of fig
seems exceptional since new varieties must systematically
result in the incorporation of hybrids between wild and cul-
tivated plants (Achtak et al. 2010) which may explain this
clustering. Indeed, the wild fig trees multiply through natural
sexual reproduction, whereas cultivated fig trees propagate
mainly with vegetative mode (Ben Abdelkrim et al. 2015).
Thus, all the cultivated figs housed in Chott Mariem col-
lection were clustered into sub-cluster (III-1) and the wild
population into sub-cluster (III-2). Moreover, the presence
of the two caprifig trees (‘Jrani’ and ‘Assafri’) clustered with
female cultivars from Chott Mariem fig collection could
reveal the existence of shared ancestry or evolutionary his-
tory and could be related to gene flow via Caprifig, the main
source of pollen (Condit 1947; Giraldo et al. 2008; Aradhya
et al. 2010). Since caprifigs ‘Jrani’ and ‘Assafri’ diverge
from the female figs as a single group in this sub-cluster (III-
1), we assume that an evident correlation between the sex of
trees and the resultant clustering has occurred. This might
point out that Tunisian fig may belong to two independent
genetic backgrounds (male and female figs). The pattern of
distribution of fig genotypes by cluster analysis revealed cor-
respondence with the geographic regions except for some
fig accessions, which formed single sub-clusters. (‘Fas55’
from Rafraf (Northeast) clustered with wild fig from Kerk-
ennah Island (Center east), as well, ‘Besoul EIKhadem’ from
Degache (Southwest), ‘Hargui’ from Rafraf grouped with
cultivars from Kerkennah Island and ‘Dhokkar’ from Rafraf
(Northeast) with caprifigs from Nafta (Southwest)). This is
probably due to the geographical origin that has a potential
influence on the genetic diversity distribution in F. carica
germplasm collections. According to the results above, the
CDDP marker systems suggested that the genetic diversity
is structured dependently on the sex (Common or caprifig)
and the type (wild or cultivated trees) of the fig tree and in
agreement in major part with their geographical distribution.
This proved the good choice of CDDP primers used that
yielded unexpected results for Tunisian fig tree classifica-
tion. It is noteworthy that only a few previous studies illus-
trated some limited clustering of fig genotypes according to
geographic region (Salhi-Hannachi et al. 2006; Dalkilic et al.
2011; Essid et al. 2015; Caliskan et al. 2018). Several works
reported limited genetic differentiation among fig groups
from Tunisian (Chatti et al. 2007; Baraket et al. 2009, 2011;
Ben Abdelkarim et al. 2015) and from over countries (Kha-
dari et al. 2001; Giraldo et al. 2005; Aradhya et al. 2010;
Caliskan et al. 2012; Ganopoulos et al. 2015; Boudchicha
et al. 2018). The hypothesis that suggested a narrow genetic
basis for edible figs, probably due to the common origin
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of the cultivars, long history of domestication and cultiva-
tion of relatively few major cultivars, was adopted to explain
level and structuration of molecular polymorphism.

The pattern of distribution of AMOVA analysis revealed
that the greater part of the total genetic variation is distrib-
uted within groups (81%), whereas 19% was distributed
among the groups indicating that there is a limited diversity
that distinguishes Tunisian fig groups. This was displayed
by the heterogeneity of the cluster III of the UPGMA and
the multivariate analysis (PCoA) which gathered all the
wild female and cultivated accessions housed in Chott
Mariem germplasm collection. These genetic differentia-
tions detected within the Tunisian fig groups and the low
divergence scored among the groups could be explained
by the occurrence of gene flow in the natural populations
from which cultivars originated and the reproduction mode.
Indeed, the cultivated fig trees is propagated mainly with
vegetative mode, whereas wild fig trees multiply through
natural sexual reproduction and seed dispersal by birds
can easily facilitate the frequent exchange of genes within
groups. These factors could have significant influences on
the genetic variation and its partitioning (Hamrick and Godt
1996; Salhi Hannachi et al. 2005; Baraket et al. 2009; Ben
Abdelkarim et al. 2015).

The efficiency of CDDPs was proved to differentiate and
evaluate relationships that reflected the genetic diversity in
Tunisian fig tree groups as a whole. The results also indicate
that CDDP markers were very informative and can provide
new insights for genetic research in F. carica species. In
addition, in this study, we used a considerable number of
fig samples displaying the different components (Wild and
cultivated figs) that represent Tunisian fig germplasm, as an
important fig diversity center of the Mediterranean coast of
North Africa.

Conclusion

Ficus carica L. is one of the most representative species of
the Mediterranean region. The current study is devoted to
differentiating two compartments of F. carica species (Male
and female) in Tunisia using Conserved DNA-derived pol-
ymorphism (CDDP). It is worthwhile to note that this is
the first insight into the genome of Ficus carica L. with a
gene target marker and discovery of genetic diversity mostly
related to functional domains of plant genes. CDDP tech-
nique was a very effective and efficient tool for genetic diver-
sity investigation and group differentiation. CDDPs suggest
sex and type-dependent classification and operate consist-
ently in agreement, with the geographic origin. Therefore,
we recommend performing CDDP-based QTL mapping in
future researches for flower-related, sex-related, or resist-
ance-related traits in Ficus carica species. This would offer

molecular mapping information for marker-assisted selection
programs aimed at the improvement of multiple traits of
interest. The wild F. carica populations represent a biologi-
cal resource of extraordinary value, which can be exploited
for scientific and breeding purposes. A large molecular data-
base gathering all the revealed molecular markers character-
izing the species is a prerequisite to define a core collection
representing local diversity and identifying spontaneous
resources reservoir of genes for resistance to biotic and abi-
otic stress.
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