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Abstract: The Ficus populifolia Vahl. in the Arabian Peninsula is threatened, peripheral, and geograph-
ically isolated from its main population in Africa. Here, the entire plastome of F. populifolia from the
Arabian Peninsula was sequenced and analyzed to provide a baseline genetic resource for future
research. The F. populifolia plastome has a classic quadripartite structure with a size of 160,610 bp, the
large and small single copies of 88,729 and 20,097 bp, respectively, and each pair of inverted repeats
are 25,892 bp. The genome includes 113 unique genes, 79 protein-coding genes, 30 tRNAs, and
4 rRNAs. The results reveal a total of 49 long repeats, including (30) palindromic, (14) forward, and
(5) reverse repeats. Similarly, a total of 186 simple sequence repeats were identified, 83.8% of which
were mononucleotides. The genomic comparison with four Ficus species indicated that the plastome
of F. populifolia was highly conserved, with some hypervariable noncoding regions. The phylogenomic
analysis of 28 species of Ficus, based on 78 coding genes, revealed that F. populifolia is closely related
to the African species F. lyrata. The genomic data generated in this study provide valuable resources
for future investigations on the population genetics, authentication, and genetic conservation of the
wild Arabian population of F. populifolia.

Keywords: Arabian Peninsula; conservation genetics; Ficus populifolia; TUCN; peripheral
population; plastome

1. Introduction

The Ficus L. (Moraceae) is the most diverse woody plant genus in the world. It consists
of over 750 species dispersed primarily across tropical and subtropical regions. The genus
exhibits a variety of growth habits including epiphytes, hemi-epiphytic stranglers, climbers,
shrubs, and freestanding trees [1]. All its species possess a similar obligate pollination
mutualism with fig wasps (Agaonidae, Hymenoptera, and Chalcidoidea) [2]. In times of
low fruit availability in tropical forests, figs are keystone resources for frugivores [3].

The Ficus populifolia Vahl belongs to the Ficus section Galoglychia, which is composed of
72 species endemic to the African floristic region [4]. The Ficus populifolia is a moderate-sized
tree with yellowish bark and heart-shaped leaves (Figure 1A). It grows on rocky slopes and
in ravines in drought-deciduous woodland (savanna). It is widely distributed in western,
central, eastern, and north-eastern tropical Africa and Southern Arabia [5-7] (Figure 1B).
The fruit of the F. populifolia is edible [6], and the plant has the potential for medicinal value.
It is commonly used in traditional African medicine to treat sore eyes, pulmonary troubles,
diarrhea, wounds, and injuries, and it is also used in veterinary medicine [6,8].
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Figure 1. (A) Ficus populifolia Vahl. tree in its natural habitat. Photo by S. Alharbi from the Farasan
Islands, the Red Sea (Saudi Arabia); (B) distribution map produced by Simon van Noort (Iziko
Museums of South Africa), www.figweb.org (accessed on 14 February 2022).

The Ficus populifolia in the Arabian Peninsula is located at the north-western boundary
of its range, isolated from the main population in Africa by the Red Sea Basin (Figure 1B).
Peripheral isolated plant populations are genetically and ecologically significant and have
strategic importance for conservation [9]. In most cases, such populations grow in relatively
harsh environmental conditions and may harbor unique adaptations [9-11]. The fate of
these populations is critical, especially in the context of climate change because they may
be the sites of evolution, face increased risk of extinction, act as pools of migrants to occupy
new areas, or be the source of genetic novelty that reinforces existing genetic diversity in
different regions across the distribution range [12,13].

The biggest threat to peripheral isolated plant populations is human activity [9].
Plant diversity in Southern Arabia, particularly Yemen, is under threat from a variety of
natural and anthropogenic factors, which contribute to ecosystem and biodiversity loss [14].
Yemen’s forest has been converted to cultivated lands, bare lands, open shrublands, and
rangelands. This has caused threats to watershed ecosystems and led to land degradation
and desertification. A large proportion of the area’s biomass was lost or threatened, which
resulted in an adverse reduction in their provided goods and services [14]. The recent war
has accelerated the use of fuelwood due to the lack of liquified petroleum gas, leading
to severe damage to Yemen’s forest areas [14]. International organizations such as the
European Council and International Union for Conservation of Nature (IUCN) urged for
peripheral isolated plant populations to be regarded as a biodiversity resource and thus
included in conservation measures [15]. The Ficus populifolia was listed in the [IUCN Red
List in 2019 as a Least Concern species [16]. However, the IUCN advised for the inclusion of
isolated subpopulations on regional Red Lists [17,18]. Thus, an assessment of the regional
conservation status of F. populifolia in Arabia is needed.

Plastome sequences are widely applied in phylogeny, comparative genomics, pedi-
gree geography, population differentiation, and species authentication [19,20]. Plastome
sequence data on the Ficus species have increased dramatically in recent years, with
over 65 accessions available in the National Center for Biotechnology Information (NCBI)
database at the time of preparing this paper. However, these data represent only 27 species,
around 3.6% of the species in this vast genus, and almost all of them are Indo-Australasian
species (found across Asia, Australia, and on Pacific islands) [21]. Plastome data for
afrotropical and neotropical Ficus species, in particular, are poorly represented and need
to be supplemented. Recently, two chloroplast genomic comparative analyses were pub-
lished [22,23], which improved our understanding of the plastome organization patterns
in Ficus. Yet, the studies lacked any accessions of afrotropical arid land species, which
have important ecological value in the genus. Here, the whole plastome of F. populifolia is
reported; to the best of our knowledge, this is the first African dryland Ficus species to be
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sequenced and analyzed. The data generated in this study will enrich the existing Ficus
database and help improve our understanding of the diversity of the genus Ficus.

For this study, a genomic comparative analysis was conducted using four plastomes
published in the NCBI database, which have not been included in the previous comparative
analyses and represent the major groups of Ficus: F. concinna, F. hirta, F. racemosa, and
F. sarmentosa. The analysis covered plastome features, codon usage bias, RNA editing
sites, long repeats, microsatellites, sequence divergence, inverted repeat junctions, and
the evaluation of the selective pressure in coding genes. A phylogenomic analysis was
also performed to reveal the placement of F. populifolia among the genus Ficus. Moreover,
the species’ conservation status in the Arabian Peninsula was appraised at a regional
level, according to the IUCN. The results of this study may provide valuable guidance for
F. populifolin management and utilization in the Arabian Peninsula and serve as a genetic
resource for future research on this species.

2. Materials and Methods
2.1. Plastome Comparative Analysis
2.1.1. Plant Sampling

A single accession of Ficus populifolia was collected in 2017 from the Farasan Islands in
the Red Sea, Saudi Arabia (16°44'50.7"/ N 41°54'24.2"" E). The necessary collecting permits
were obtained from the Saudi Wildlife Authority, which controls the Farasan Islands
Protected Area. Voucher specimen was submitted to the herbarium in Umm Al-Qura
University, Saudi Arabia with accession No. SF184.

2.1.2. DNA Extraction, Library Construction, and Genome Sequencing

The CTAB protocol [24] was used to extract DNA from the silica-dried leaves of
F. populifolia. The genomic library was built from 1.0 g of DNA using the Illumina TruSeq
Nano DNA 350 Kit and following the manufacturer’s protocol. The library was constructed
and sequenced using Illumina SBS technology by Macrogen Inc. (Seoul, Republic of Korea).
The raw data yield was 8 GB of 151 bp paired-end reads.

2.1.3. Plastome Assembly and Annotation

The raw data were trimmed using Trimmomatic v.0.36 [25], and then the clean-read
sequences were assembled using NOVOPlasty v.2.7.2 [26] with kmer (K-mer = 34). The petB
of Ficus ardisioides subsp. camptoneura (GQ504569) was used as a seed, and the complete
plastome of Ficus religiosa (NC_033979) was used as a reference. Ficus populifolia plastome
was annotated using Geseq and mapped using OGDRAW [27]. The annotated plastome of
F. populifolia was submitted to GenBank with the accession number (OP132395).

2.1.4. Codon Usage and RNA Editing Sites

The relative synonymous codon usage (RSCU) values were assessed using the MEGA
software v.11.0 [28]. The PREP suite [29] was used to predict the RNA editing sites present
in the protein-coding genes with a cut-off value of 0.8.

2.1.5. Repeat Analysis in the Plastome

Long repeats in the F. populifolia plastome were identified using REPuter [30] software
v. 2 on its default settings. The simple sequence repeats (SSRs) were identified using
MlcroSAtellite (MISA) software v.2.1 [31]. The following parameters were set: mononu-
cleotides (8), dinucleotides (5), trinucleotides (4), and 3 each for tetranucleotides, pentanu-
cleotides, and hexanucleotides.

2.1.6. Sequence Divergence and Boundary

The mVISTA program v.2.0 [32] with the Shuffle-LAGAN mode was used to compare the
plastome of F. populifolia with four published plastomes of genus Ficus: F. concinna (MZ128521.1),
F. hirta (MN364706.1), F. racemosa (NC_028185.1), and F. sarmentosa (OL415083.1) as represen-
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tatives of subgenera Urostigma, Ficus, Sycomorus, and Synoecia, respectively (Table S1). Those
species were chosen primarily because they had not previously been included in Ficus com-
parative genomic analysis [22,23]. The annotated plastome of F. populifolia was used as a
reference. The boundaries between the inverted repeats and single copies were visualized and
investigated using IRscope [33].

2.1.7. Characterization of the Substitution Rate

The Ka/Ks Calculator v.2.0 [34] was used with default parameters to detect the ratio
of nonsynonymous (Ka) to synonymous (Ks) substitution (Ka/Ks) in plastome sequencing
in F. populifolia compared with those in the four Ficus species.

2.1.8. Phylogenomic Analysis

To infer the phylogenomic position of F. populifolia within the genus Ficus, 30 published
plastome sequences were obtained from the GenBank of NCBI (Table S1),
27 of which were Ficus species and an outgroup of 3 species from family Flacourtiaceae
(Flacourtia indica, Homalium ceylanicum, and Poliothyrsis sinensis). Phylogenomic analyses
were performed on a concatenated set of 78 protein-coding genes (CDS) extracted using
Geneious Prime® 2022.1.1 [35] and individually aligned with MUSCLE v.3.8.425 [36] using
the default Geneious Prime® parameters.

The phylogenomic relationships were inferred using the maximum likelihood (ML)
and the Bayesian inference (BI) methods, as implemented on the CIPRES portal [37]. The
best evolution model, GTR + I + G, was subsequently used for both ML and BI analysis, as
determined using jModelTest2 v.2.1.6 [38] under the Akaike information criterion (AIC) [39].
ML analysis was performed using RAXML v.8.2.12 [40] with 1000 bootstrap (BS) replicates.
BI analyses were conducted in two independent runs using MrBayes v.3.2.7 [41] under
the unpartitioned strategy. The Markov Chain Monte Carlo (MCMC) analysis was run for
10 million iterations, sampling every 10,000th replicate. Effective sample size (ESS) greater
than 200 was used as the indicator for the convergence of runs, calculated using Tracer
v.1.7.1 [42]. The first 25% of trees were discarded, and the majority rule consensus tree was
built from the remaining trees. The iTOL v.6.5.8 [43] was used to visualize and annotate the
ML and BI trees.

2.2. Conservation Assessment

Three field trips were carried out to the Farasan Islands in 2016 and 2017. Field
observations were recorded, including the localities of the F. populifolia trees; the habitat
conditions and threats were evident. Point distribution data of F. populifolia in the Arabian
Peninsula were gathered from three different sources: field observations in the Farasan
Islands (Saudi Arabia), available scientific literature [44-47], and data from Yemen sent
by Dr. Othman S. S. Al-Hawshabi. The GeoCAT software Version BETA [48] was used to
calculate the extent of occurrence (EOO) and area of occupancy (AOO). The IUCN Red List
guidelines [17,18,49] were followed to assess the conservation status of F. populifolia in the
Arabian Peninsula. In this study, criterion B was only used due to the availability of the
distribution range data.

3. Results and Discussion
3.1. Plastome Characterization
3.1.1. General Characteristics of the Ficus populifolia Plastome

The plastomes of angiosperms are highly conserved in terms of size, gene content,
structure, and organization [50]. The complete plastome of F. populifolia obtained displays a
typical double helix circular sequence with a size of 160,610 bp (Figure 2, Table 1). This is
roughly similar to those previously reported for the Ficus species [22,23,51,52]. It has the
classic quadripartite structure of land-plant plastids [53], with large (LSC) and small (55C)
single copies of 88,729 and 20,097 bp, respectively, and each pair of inverted repeats (IRs)
of 25,892 bp.
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Figure 2. Map of the plastome of Ficus populifolia. The inner dark and light grey circle represent GC
and AT content, respectively. Different colours distinguish functional sets of genes, with those outside
the circle transcribed counter-clockwise and those inside transcribed clockwise. Genes marked with
* have introns.

Table 1. Features of Ficus populifolia Vahl. plastome.

Feature E populifolia Feature E populifolia
Plastome size (bp) 160,610 T (U) % 32.44
Inverted repeat (IR) region (bp) 25,892 C% 18.22
Large single-copy (LSC) region (bp) 88,729 A% 31.70
Small single-copy (SSC) region (bp) 20,097 G % 17.62
Total number of genes 130 (113) Overall GC content % 35.84
rRNA 8 (4) GC content in LSC % 33.47
tRNA 37 (30) GC content in SSC % 28.91
Protein-coding genes 85 (79) GC content in IR % 42.58

The number of unique genes is shown in parentheses.

The total guanine—cytosine (GC) content is 35.84%, with IR regions demonstrating
significantly higher levels than single copies, a phenomenon that has been also reported in
the Ficus species [23]. This may be due to the high GC content in the four rRNA genes [20].
Adenine-thymine (AT), on the other hand, accounts for 64.14% of the overall genome
(Table 1), which is similar to most other plastomes [54-57].

When considering one copy of duplicated genes, the F. populifolia chloroplast includes
113 unique genes, 79 of which are protein-coding (CDS), 30 tRNAs, and 4 rRNAs (Table S2).
The LSC region has 59 CDS regions and 22 tRNA genes, whereas the SSC has 13 CDS and
1 tRNA gene. Seventeen duplicated genes were identified in the IR region, consisting of
seven tRNA genes, four rRNA genes, and seven CDS genes.

The composition of introns is highly conserved in seed plant plastomes [20], which
plays a vital role in the regulation of gene expression [58]. In the F. populifolia plas-
tome, 21 introns were identified and dispersed throughout 19 genes, 6 tRNA genes, and
13 protein-coding genes. Two genes (ycf3 and clpP) have two introns, whereas the others
only have one. LSC has15 introns, SSC has 1 intron, and IR has 5 introns (Table 2).
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Table 2. List of the intron-containing genes in the plastome of Ficus populifolia along with the lengths

of their introns and exons.

Gene Location Exon I Entron I Exon II Entron I1 Exon III
(bp) (bp) (bp) (bp) (bp)
rpsl6 LSC 229 910 39
atpF LSC 409 770 144
rpoC1 LSC 1616 806 431
ycf3 LSC 123 785 229 752 152
ndhK LSC 60 0 740
clpP LSC 70 903 291 701 263
petB LSC 5 803 641
petD LSC 7 736 474
rpll6 LSC 8 1071 398
rpl2 IR 390 676 433
ndhB IR 755 676 594
rps12 IR 25 537 231
ndhA SSC 540 1173 550
trnK-UUU LSC 34 2588 36
trnG-UCC LSC 22 722 47
trnL-UAA LSC 36 501 49
trnV-UAC LSC 36 619 36
trnl-GAU IR 34 946 117
trnA-UGC IR 37 803 45

3.1.2. Codon Usage Bias

The protein-coding genes of F. populifolia were detected for the frequency of amino acids,
codon usage count, and the RSCU. The results showed that the F. populifolia plastome includes
53,535 codons; leucine (10.79%) was the most common, whereas cysteine (1.19%) was the least
(Figure 3). This is in line with what was previously reported on several plant groups [22,55,59].
The RSCU values (Figure 4, Table S3) revealed that 51.5% of the codons (33/64) were not
frequently used with an RSCU value of <1 (4 of them had an A/U-ending, and 29 had a
C/G-ending). On the other hand, 45.3% of the codons (29/64) showed a high-use preference
with an RSCU value of >1 (28 of them had an A/U-ending, and 1 had a C/G-ending).
Methionine and tryptophan had no codon bias with RSCU = 1. The tendency of organisms to
be biased towards a set of codons could be explained by several factors, including the rate
of gene evolution, selection pressures, abundant tRNA, and the level of gene expression [60].
The results indicate a bias for the A/U bases in the F. populifolia plastome, which is concurrent
with the codon bias in other Ficus species [22]. This demonstrates that the Ficus plastomes are
relatively conserved and have a similar evolutionary history. The bias for the A /U-ending
codons is common in the dicots [61].

12.00
10.00

8.00

4.
0.00 I

Ala Arg Asn Asp Cys GIn Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp

Proportion(%)
(=)
=3 =
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Figure 3. The frequencies of amino acids in Ficus populifolia plastome.
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Figure 4. Codon composition for the 20 amino acids in the plastome of Ficus populifolia.

3.1.3. RNA Editing Sites

RNA editing is a fundamental process in the plastome that involves the modification
of nucleotides in the messenger RNAs of functional genes [62]. This mechanism is critical
for the expression of functional proteins [63]. In this study, the RNA-editing sites were
predicted in the F. populifolia plastome using the PREP suite. The results revealed 51 editing
sites distributed within 15 coding genes (Figure 5, Table S4). All the base conversions were
from C to T, which is consistent with other higher plant plastomes [29,63]. Conversions
occurring in the first and second positions of the corresponding codons led to changes in the
amino acids, which is consistent with previous research [20]. Most of the codon exchanges
(Figure 6) were from serine (S) to leucine (L). The most editing sites were predicted for
the ndhB and ndhD genes (13 and 10 sites, respectively), which encode the NDH complex
subunits involved in photosynthetic electron transport [63]. This was followed by ndhA
and rpoC2 (four); accD, matK, and atpA (three); rpoB and rpoC1 (two); and atpB, atpF, atpl,
clpP, rpsi4, rps16, and rps2 (one). Some genes such as arpl, psbl, psbL, psbM, rpl22, rpl23,
rps15, and rps19 had no potential RNA editing sites.

10 ‘
o III| |I 111

> & > @ %\mubm
\Q x\} o\Q &N \0& & \0 & Qo ‘QC .5\ &5\ &

Nnmber of RNA editing sites
£ (=) -]

8]

Figure 5. Predicted RNA editing site in the coding genes of the Ficus populifolia plastome.
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Figure 6. The frequency of amino acids conversions in the Ficus populifolia plastome. A = Ala;
V =Val; H=His; L =Leu; F = Phe; P = Pro; S = Ser; R = Arg; C = Cys; W = Trp; T = Thr; M = Met.

3.1.4. Repeat Analysis

The plastome contains several repetitive sequences. These repeats play a key role in
genomic rearrangements and expansions, contributing to the structural variation and stability
of the plastome [64,65]. In this study, long repeats and SSRs were examined in the F. populifolia
plastome and four related Ficus species: F. concinna, F. hirta, F. racemosa, and F. sarmentosa.

In the long repeat analysis, a total of 49 repeats were detected in the F. populifolia plastome
(Figure 7, Table S5), including (30; 61.2%) palindromic (P) repeats, (14; 28.5%) forward (F)
repeats, and (5; 10.2%) reverse (R) repeats. The majority of these repeats (81.6%) ranged from
20 to 29 bp, whereas 18.4% ranged from 30 to 39 bp. The intergenic spacer (IGS) sequences
demonstrated the most repeats (29; 59.2 %), which is also the case in other Ficus species [22].
The tRNAs, on the other hand, showed the fewest repeats (5; 10.2%). The protein-coding
genes, ycf3, ycf2, rbcL, ndhA, rps16, ndhC, and rps8, all showed 15 (30.6%) repeats, with the ycf2
gene showing the most (2 palindromic and 2 forward repeats). The results reveal that the
palindromic was the most common repeat type in the Ficus species, followed by the forward,
which is consistent with earlier findings [22,23]. There were no complement repeats observed;
the highest palindromic repeats were found in F. populifolia, and the highest frequency of
forward (17) and reverse repeats (7) were identified in F. racemosa.

35 BC ®F #P =R
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25
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Ficus populifolia  Ficus concinna Ficus hirta  Ficus racemosa Ficus sarmentosa

Figure 7. Number of different repeats in the five plastomes of Ficus. P = palindromic, F = forward,
R =reverse, and C = complement.
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SSRs, also known as microsatellites, are short-tandem repeats of one to six nucleotide
motifs found in the genomes of all organisms [66]. Owing to their reproducibility, hy-
pervariability, and relative abundance [67], these markers are widely used in gene flow
analysis, populations’ genetic studies, species authentication, and the examination of
genetic variations [67-69]. Here, the SSR types and frequencies were analyzed in the
plastomes of F. populifolia and four Ficus species. A total of 179-192 SSRs with six types
(mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide repeats) were identified (Figure 8§,
Table S6). In F. populifolia, 186 SSRs were detected, and no hexanucleotide motifs were
reported. Mononucleotides were the most abundant SSR types in all genomes, contributing
more to the genetic diversity than others. Hexanucleotides were rare and only found in
one species, F. hirta. Ficus populifolia had the most mononucleotides (156), F. hirta had the
most dinucleotides and trinucleotides (22 and 5), F. concinna had the most tetranucleotides
(12), and F. sarmentosa had the most pentanucleotides (4). All these tandem repeats showed
higher levels of T or A (Figure 9), resulting in a base composition bias on the plastome that
matches the overall A-T percentage in the F. populifolia plastome (64.14%). These findings
are comparable to previous results that demonstrated that chloroplast SSRs (cpSSRs) consist
mainly of polythymine (polyT) or polyadenine (polyA) repeats rather than polycytosine
(polyC) or polyguanine (polyG) [70-72]. The results obtained here were similar to those of
other plants [23,55,56] in that the cpSSRs were more frequently found in noncoding regions,
such as the intergenic spacer (IGS) (60.22%), than the coding regions (39.78%), as shown in
Figure 10. The cpSSRs and long repeats identified in this study revealed variation among
the Ficus species and could be used to develop biomarkers for population genetics studies
on F. populifolia.
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Figure 8. Number of different SSR types in the five Ficus plastomes.
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Figure 9. The frequency of microsatellite motifs in plastomes of five Ficus species.



Forests 2022, 13, 2063

10 of 17

180 == Complete genome  ====CDS  ====NON coding

160
140

0 —_—
MONO DI TRI TETRA PENTA

Figure 10. Number of different SSR types in Ficus populifolia plastome.

3.1.5. Sequence Divergence

To determine the hypervariable regions in the F. populifolia plastome, it was com-
pared to four related species using the mVISTA program. The alignment in Figure 11
revealed that there were few variable regions, and the genomes were highly conserved.
This is consistent with findings from higher plant plastomes, in which noncoding re-
gions were more variable than coding ones [20,73]. The IR regions were found to be less
variable than LSC and SSC, which is in accordance with previous findings [53,74]. The
highly diverged noncoding regions were trnK-UUU-rps16, rps16-trnQ-UUG, atpF-atpH,
atpH-atpl, rpoB-trnC-GCA, petN-psbM, trnD-GUC-tRNA-Glu, psbZ-trnG-GCC, ysf3-trnS-GGA,
ndhK-trnV-UAC, atpB-rbcL, rbcL-accD, accD-psal, petA-psbL, clpP1-psbB, rpll6-rps3,
rps12-trnV-GAC, ndhF-rpl32, rpl32-trnL-UAG, ndhE-ndhG, and trn-CAA-ycf2.
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Figure 11. Visual alignment of five Ficus plastomes using Ficus populifolia as a reference. The y-axis
displays the identity percentage (50%—-100%), whereas the x-axis displays the genomic coordinate.
The upper arrows represent the direction and position of each gene. CNS = conserved non-coding
regions, UTR = untranslated region. The plot was created using the mVISTA program [32].

The protein-coding genes were mostly conserved except for rpoC2, ycf2, ycfl, ndhF,
and ndhA. Several of these divergence markers have previously been used to identify
and resolve the evolutionary history of several plant groups [75-77]. The identification of
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these highly informative regions in F. populifolia could help in developing species-specific
DNA markers.

3.1.6. Contraction and Expansion of the Inverted Repeat Region

The stability of the plastome structure is promoted by the inverted repeat through the
intramolecular recombination of the two IR copies [20]. Despite the conserved nature of
the angiosperm plastomes, the contraction and expansion of the IR regions are believed
to be the main causes of genome size variation through gene deletion, duplication, and
the creation of pseudogenes [78,79]. In this research, the four junction sites between the
IR regions and the single-copy regions of F. populifolia were compared with plastomes of
related species (Figure 12). The boundaries of the SSC/IR and LSC/IR regions in the five
plastomes were highly conserved, with minor variations, aligning with previous reports
for the Ficus species [22,23]. Five protein-coding genes can normally be found close to or
at the borders of IRs: rps19, ndhE, ycfl, trnH, and psbA. Yet, the genes trnH and psbA were
located entirely within the LSC region in all species.

JLB JSB JSA JLA
71 bpy 108 9 170220200 22 bpjsoz8bp -
rpi22 TPS19 pI2
Ficus pop 88,729 bp [ 20097bp T T 892
160,610 bp el T
urrey s, %%\t
pl22 rps19] pl2 \ P
Fieus L e/ —— 2001800 =
160,331 bp ——orwlmn
7160108 bo 17,0p12245 bp 4722 bp}1116 bp 62bp N psbA
g 12 ndhF 2261 bp. yel 5837 bp.
Ficus hirta 88,445 bg I "~ mbil sc /) 20,134 bp /I HEW
160,374 bp T Trieoasoe
- 2560 19 poj2255 b 4696 boj079 b
Ficus 86,110 bp / _m%’_//_zﬂm:w_g 25676bp |
159,473 bp el il
{7teojtog o 17epj2005 ansmpjozeey I
I e yert 575500 \_I_Eﬂ]'
Ficus sar 88,307 bp /[ 225,898 bp /[——__20,080bp. 1/) _-’z,j%o |
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Figure 12. Comparison of boundaries between single copies (5Cs) and the inverted repeats (IR)
among the five Ficus plastomes.

A relatively large IR region was found in F. sarmentosa, followed by F. hirta, F. populifolia,
and F. concinna, resulting in the spanning of the IRb/LSC junction on the rps19 gene and
the creation of a pseudogene (¥rps19) at the IRa/LSC junction with 108 bp (in F. sarmentosa,
FE. hirta, and F. populifolia) and 48 bp (in F. concinna). Meanwhile, in F. racemosa, which
has the smallest IR, the rps19 gene was located entirely in the LSC region. The SSC/IRa
junction, in all species, expanded across the ycf1 gene, leading to the creation of the ycf1
pseudogene (Yycf1) on the IRb/SSC border with a size that varied from 1026 (in F. sarmentosa
and F. populifolia) to 989 bp (F. racemosa). The integration of the ndhF gene into IRb was
noted in all species except for F. concinna, with 17 bp of length in F. populifolia, F. hirta,
and F. sarmentosa, and 13 bp in F. racemosa. The length variations in the studied plastome
sequences could be attributable to the contraction and expansion of the IR regions.

3.1.7. Characterization of Substitution Rate

The Ka to Ks substitution ratio is an important indicator of the evolutionary rates of
protein-coding genes [80]. It is widely used to study their selection patterns and adaptive
evolution [81]. This ratio measures natural selection on protein genes, with a Ka/Ks of
more than one indicating purifying selection, a Ka/Ks of less than one indicating positive
selection, and a Ka/Ks of nearly one indicating neutral evolution [82]. In this study,
the Ka/Ks ratio was computed within the 77 common protein genes in the plastome of
F. populifolia and four related species, F. concinna, F. hirta, F. racemosa, and F. sarmentosa, to
evaluate the selective pressure.

The results showed that the Ka/Ks ratio was <1 in all genes except four (Figure 13),
indicating a strong purifying selection. The positively selected genes were related to
the rubisco (rbcL), NADH-dehydrogenase (ndhB), protease (clpP), and unknown function
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(ycf2) genes. These genes have functions in photosynthesis and the genetic system [57].
According to Bock, Andrew [83], the rbcL gene is the target of selection in response to
drought, fluctuations in temperature, and CO2 concentrations. Genes such as c/pP and
ycf2 are associated with cellular metabolism and plant development [84,85], and they have
been shown to have high rates of evolution in other plastomes [57,86]. Ficus populifolia
has adapted to arid environments and may have developed several coping mechanisms.
Positively selected genes likely aid F. populifolia to adapt to arid environmental conditions.

Ka/Ks

Figure 13. The Ka/Ks ratio of CDS genes from Ficus populifolia against Ficus concinna, Ficus hirta,
Ficus racemosa, and Ficus sarmentosa.

3.1.8. Phylogenomic Analysis

The chloroplast genomic data are of great value in addressing evolutionary plant rela-
tionships [54,65,87]. In contrast with previous studies that relied on only a few genes [2,88,89],
plastome data have confidently resolved the relationships between Ficus subgenera [90]. In
this study, the phylogenomic relationships of F. populifolia within the genus Ficus were ex-
amined based on 78 CDS regions extracted from 31 plastomes using ML and the Bl Both
methods produced similar topologies, with the exception that the internal nodes of the genus
Ficus remained unresolved in the BI tree (Figure S1). The monophyly of the genus Ficus was
strongly supported and indicated by the results (Figures 14 and S1), corresponding to the
previously published phylogenomics [22,23,90]. The analysis revealed a close relationship
between F. populifolia and F. lyrata, which form a strongly supported monophyletic group
(ML bootstrap (BP) values = 100% and Bayesian posterior probabilities (PP) = 1.00). Both
species belong to the Ficus sect. Galoglychia, which is largely restricted to the African floristic
region [91,92]. Previous phylogenetic analysis of the section Galoglychia based on nuclear
data has confirmed this relatedness [4]. The results also showed that the section Galoglychia
subclade received moderate bootstrap support (54%) as a sister to all of the other subgenus
Urostigma species. Prior work on Ficus phylogeny suggested the nonmonophyly of the sub-
genus Urostigma [89,90,93] as the section Galoglychia and Americana were paraphyletic with
respect to other subgenus Urostigma subsections. As the taxon sampling in this study is quite
limited, these paraphyletic relationships are not clearly revealed, and the subgenus Urostigma
forms a moderately supported monophyletic group (Figure 14).

3.2. Conservation Assessment

Ficus populifolia has an EOO of 254,644.054 km? in the Arabian Peninsula (which would
place it in the Least Concern (LC) category) and an AOO of 200 km? (which would place it
in the Endangered (EN) category) (Figure 15). However, the impact of the ongoing war in
Yemen on the population size and number of locations is not well-known. As a result, the
taxon may be classified as Data Deficient (DD).
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Figure 14. Phylogenomic relationship of 28 Ficus species based on 78 coding genes inferred from ML
analysis. Bootstrap values are present below the lines.
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Figure 15. Point occurrence map of Ficus populifolia in the Arabian Peninsula based on field observa-
tions and literature, generated by the GeoCAT software [48].

4. Conclusions

This paper provided the first complete plastome sequence of F. populifolia, a peripher-
ally isolated plant population in the Arabian Peninsula. The comparative genomic analysis
revealed that the plastome was highly conserved in structure, gene content, size, and
organization, with 21 hotspot mutation areas that could be potential DNA makers for
species authentication. Moreover, the long repeats and SSRs identified here could be
employed in future studies to explore molecular breeding, genetic variations, and con-
servation of this threatened Arabian wild population. Furthermore, the plastome data
studied could be a useful genetic resource to understand the evolution of the Ficus species in
arid environments.
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relationship of 28 Ficus species based on 78 coding genes inferred from BI analysis.
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