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SUMMARY

Ficus benghalensis and Ficus religiosa are large woody trees well known for their
long lifespan, ecological and traditional significance, and medicinal properties.
To understand the genomic and evolutionary aspects of these characteristics,
the whole genomes of these Ficus species were sequenced using 10x Genomics
linked reads and Oxford Nanopore long reads. The draft genomes of
F. benghalensis and F. religiosa comprised of 392.89 Mbp and 332.97 Mbp,
respectively. We established the genome-wide phylogenetic positions of the
two Ficus species with respect to 50 other Angiosperm species. Comparative
evolutionary analyses with other phylogenetically closer Eudicot species re-
vealed adaptive evolution in genes involved in key cellular mechanisms associ-
ated with prolonged survival including phytohormones signaling, senescence,
disease resistance, and abiotic stress tolerance, which provide genomic insights
into themechanisms conferring longevity and suggest that longevity is amultifac-
eted phenomenon. This study also provides clues on the existence of CAM
pathway in these Ficus species.

INTRODUCTION

Longevity is an intriguing characteristic of exclusive plant species that show lifespans ranging from hun-

dreds to thousands of years. It is also a key constituent of demographic storage as the long-lived plants

such as Pinus, Oak maintain the ecosystem (Piovesan and Biondi, 2021; Roeder et al., 2021). Several factors

have been proposed to achieve longevity in plants such as sustained growth over a long time period, resis-

tance to biotic and abiotic stress (major drivers of mortality, particularly in larger trees), accumulation and

transmission of somatic mutations, expansion of disease resistance gene families, phytohormones

signaling, etc. (Bartrina et al., 2017; Munné-Bosch, 2018; Piovesan and Biondi, 2021; Plomion et al.,

2018). In the Indian subcontinent, the two Ficus species, F. benghalensis and F. religiosa, are the best-

known examples of trees with the longest lifespans.

Ficus is one of the most diverse genus that originated around 80–90 million years ago, and consists of�800

species (Harrison, 2005; Singh et al., 2011). Ficus trees (also known as fig trees) that belong to the plant fam-

ily Moraceae are also known for their well-developed morphological characteristics, and religious, ecolog-

ical, evolutionary, and medicinal importance. Ficus species possess several characteristics such as smaller

seed size, higher growth rate, higher fecundity, etc. that make them evolutionarily flexible to grow in

diverse environmental habitats (Harrison, 2005). Species from the Ficus genus occupy diverse ecological

niches in different life forms such as free-living, epiphytes, semi-epiphytes, lithophytes, or rheophytes

(Shi et al., 2018). Ficus trees are considered as keystone species in a tropical ecosystem as they sustain a

large number of animal species with fig fruits that are produced throughout the year (Shanahan et al.,

2001). Furthermore, Ficus trees (including F. benghalensis and F. religiosa) act as forest restoration agents

due to their larger canopy areas that favor plant species dispersed by frugivores as well as other species

(Cottee-Jones et al., 2016). The co-evolution of Ficus and their pollinator species such as fig wasps is a

well-known example to show obligate mutualism (GALIL and EISIKOWITCH, 1971; Zhang et al., 2020),

where Ficus trees interact with their wasp pollinators by attracting them with volatile organic compounds

(VOCs) (Grison-Pigé et al., 2002) for pollination. Interestingly, not all members from this genus show

longevity unlike the F. benghalensis and F. religiosa species.
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F. benghalensis, also known as Indian banyan tree, is the National tree of India, and is native to tropical,

sub-tropical regions in South Asia (Gopukumar and Praseetha, 2015). It is also known for its traditional reli-

gious, mythological significance in Hinduism and Buddhism, and their widespread branches signify eternal

life (Gopukumar and Praseetha, 2015). F. benghalensis (a strangler fig) is a large woody tree with around

30 m height, and typically has a long life spanning several centuries. The largest banyan tree (Thimmamma

Marrimanu) is located in Southern India, and is 550 years old. It starts growing as an epiphyte in early days,

and in course of time it disperses thick plentiful aerial roots from the spreading branches to cover several

hundred meters and grows independently (Moustafa, 2020).

F. religiosa, also known as ‘‘sacred fig’’, ‘‘Bodhi tree’’, ‘‘Peepal’’, or ‘‘Ashwattha’’, is a large hemi epiphyte,

deciduous tree with a long average lifespan of 900–1,500 years (Devanesan et al., 2018; Vidyapeeth, 2019).

It is also a well-known tree for its mythological and religious importance in Buddhism and Hinduism, and is

known to have the longest lifespan in Hindu mythology (Sitaramam et al., 2009; Vidyapeeth, 2019). Both

F. benghalensis and F. religiosa are large perennial trees with 20–30 m height, are epiphytic in young

stages, and the adult trees have widespread branches (Devanesan et al., 2018; Galil, 1984). One of the

key differences between the two trees is the absence of aerial roots in F. religiosa, unlike

F. benghalensis. The extracts from bark, leaf, and fruit of these trees possess various bioactive compounds,

e.g., flavonoid, terpenoid, alkaloid, tannin, saponin, etc. that confer a large number of pharmacological ac-

tivities, e.g., anti-inflammatory, antihelminthic, antioxidant, antimicrobial, antitumor, antipyretic, antidia-

betic, immunomodulatory, and wound healing properties (Devanesan et al., 2018; Gopukumar and Prasee-

tha, 2015; Kumar Makhija et al., 2010), and can also be used as potential therapeutic agents (Chaudhary

et al., 2017).

Therefore, the noteworthy long lifespans and the ecological and medicinal significance displayed by these

two tropical Ficus species motivated us to perform their genome sequencing to understand the genomic

basis of such traits. The whole genome of a few Ficus species such as Ficus carica, Ficus hispida, Ficus mi-

crocarpa, and Ficus erecta (Mori et al., 2017; Shirasawa et al., 2020; Zhang et al., 2020), and chloroplast

genome of other Ficus species such as Ficus pumila (Huang et al., 2022; Liang et al., 2022) have been

sequenced; however, the whole genomes of these two key Ficus species showing longevity were

sequenced for the first time in this study. The genomes of both the species, F. benghalensis and

F. religiosa, are known to be diploid (2n = 26) with an estimated genome size of 686Mbp according to Plant

DNA C-values Database (Pellicer and Leitch, 2020). We carried out the genome sequencing and analysis of

F. benghalensis and F. religiosa using 10x Genomics linked reads and Oxford Nanopore long reads.

We also performed transcriptome sequencing of these species that helped in comprehensive genome

annotation. The phylogenetic position of the two Ficus species was resolved using other available Eudicot

species, and comparative evolutionary analyses with selected Angiosperm plant species revealed that

genes required for plant growth, development, and stress tolerance mechanisms are highly evolved in

these species, which are perhaps responsible for the longevity of these two Ficus species.

RESULTS

Genome and transcriptome sequencing

The estimated genome sizes of F. benghalensis and F. religiosa species were 381.9 and 337.7 Mbp, respec-

tively, using GenomeScope v2.0 (Ranallo-Benavidez et al., 2020) (Figures S1A and S1B). A total of 49 (128.3X

coverage) and 9 Gb (23.6X coverage) of genomic data were generated from F. benghalensis leaf tissue

using 10x Genomics (Chromium) and Oxford Nanopore technologies, respectively. Furthermore, a total

of 7.4 Gb of RNA-Seq data were also generated from the leaf tissue of this species (Tables S1 and S2).

For F. religiosa species, 10x Genomics and Oxford Nanopore sequencing technologies were used to

generate 48.7 (144.1X) and 7.2 Gb (21.3X) of genomic data, respectively. Furthermore, a total of 10.8 Gb

of RNA-Seq data were also generated from the leaf tissue of this species (Tables S1 and S2).

Genome assembly

The heterozygosity content for F. benghalensis was estimated to be 1.78% from the k-mer analysis

(Figure S1A). After scaffolding, the final genome assembly of F. benghalensis had a total size of 392.89

Mbp with 4,822 sequences and was close to the estimated genome size of 381.9 Mbp (Figure S1A). The

assembly had a scaffold N50 value of 486.9 Kbp, longest scaffold size of 5.4 Mbp, and the GC-content

of 34.54% (Table S3). 98.39% of the barcode-filtered linked-reads and 93.11% adapter-processed Nano-

pore reads could be mapped on the final genome assembly. Furthermore, the genome assembly had
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96.4% complete BUSCOs and 1.7% of fragmented BUSCOs, using embryophyta_odb10 gene set (Fig-

ure S1C and Table S4).

The heterozygosity content for F. religiosa genome was estimated to be 1.62% from the k-mer analysis (Fig-

ure S1B). The final genome assembly of F. religiosa had a total size of 332.97 Mbp, which was also close to

the predicted genome size of 337.7Mbp and consisted of 6,087 sequences (longest scaffold of 4.51 Mbp), a

scaffold N50 value of 553.4 Kbp, and a GC-content of 34.31% (Figure S1B and Table S3). 98.14% of the bar-

code-filtered 10x Genomics linked reads and 93.99% of the adapter-processed Nanopore long reads could

be mapped to the final genome assembly. Furthermore, the final genome assembly had 95.6% complete

BUSCOs, and 1.1% of fragmented BUSCOs, using embryophyta_odb10 gene set (Figure S1C and

Table S4). Thus, the hybrid sequencing and assembly approach implemented using 10x Genomics linked

reads and Oxford Nanopore long reads helped in the successful construction of F. benghalensis and

F. religiosa genomes with decent scaffold N50 values and BUSCO scores. The comparatively higher N50

value of F. religiosa genome assembly could be due to the lower heterozygosity compared to

F. benghalensis genome.

The estimated and assembled genome sizes of the Ficus species in this study were smaller than their

genome sizes reported at Plant C-values Database, which perhaps depends on the usage of different refer-

ence standard plant species while estimating the genome size in the earlier used method (Dole�zel and

Barto�s, 2005). Also, the genome sizes of these two Ficus species were similar to F. microcarpa genome

and slightly larger than other Ficus—F. carica, F. hispida, and F. erecta genomes (Mori et al., 2017; Shira-

sawa et al., 2020; Zhang et al., 2020).

Sequence variation analysis in these final genome assemblies using barcode-filtered 10x Genomics reads

identified 1,772,802 nucleotide positions (0.45%) as variant sites in F. benghalensis, and 1,466,212 variant

sites (0.44%) in F. religiosa. The variant sites were in 3,254 and 3,859 contigs (after scaffolding) in

F. benghalensis and F. religiosa, respectively. Depth distribution analysis showed the presence of major

peaks and secondary peaks for both the Ficus genomes (Figures S2A–S2D, S3A, and S3B). Furthermore,

the scaffolds showing read depths in the secondary peak regions (Figures S3A and S3B) could be repre-

senting redundancy in the assembly perhaps due to the presence of highly heterozygous regions

(Table S5). Furthermore, the scaffolds showing zero read depth after mapping 10x Genomics and Oxford

Nanopore reads could be a result of assembly errors (Table S6).

Genome annotation

Repeat-masking of the F. benghalensis genome using a de novo repeat library showed that among the

repeat classes, the interspersed repeats constituted 47.08% (including 2.70% Ty1/Copia, 8.28% Gypsy/

DIRS1 elements, and 32.88% unclassified) (Figure S1D and Table S7), and tandem repeats constituted

7.01% of the genome. Thus, �54% of the F. benghalensis genome was predicted to consist of simple

and interspersed repeat regions.

Similarly, repeat-masking of F. religiosa genome assembly showed that 41.68% of the genome was consti-

tuted of interspersed repeats (including 1.55% Ty1/Copia, 4.51% Gypsy/DIRS1 elements, and 33.35%

unclassified) (Figure S1D and Table S8), and 8.84% of the genome was constituted of simple repeats.

Thus, �51% of the F. religiosa genome assembly consisted of repetitive regions (including both simple

and interspersed repeats). Among the LTR retrotransposon class of repeats, Gypsy/DIRS1 elements

were higher than Ty1/Copia elements in both the species (Tables S7 and S8), similar to other Ficus ge-

nomes (Shirasawa et al., 2020; Usai et al., 2020; Zhang et al., 2020). Thus, both the Ficus genomes contained

lower repetitive content compared to highly repetitive larger plant genomes. Additionally, non-coding

RNAs were also detected in the final genome assemblies of F. benghalensis and F. religiosa (Table 1).

Prior to gene set construction, quality-filtered RNA-Seq data for F. benghalensis species were de novo

assembled, which resulted in a total of 10,156 transcripts (used as a set of empirical evidence in MAKER

pipeline (Campbell et al., 2014)). In case of F. religiosa species, quality-filtered RNA-Seq data from this

study and from a previous study (Matasci et al., 2014) were used for de novo transcriptome assembly, which

resulted in 74,514 assembled transcripts that were used for evidence-based alignments in MAKER genome

annotation pipeline along with the protein evidences from other publicly available related species (see

STAR Methods). A total of 25,016 (94.4% BUSCOs) and 23,929 (94.3% BUSCOs) high-confidence coding
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genes were predicted for F. benghalensis and F. religiosa, respectively, after AED value-based (AED

values < 0.5) and length-based (R300 bp) filtering of the MAKER-derived gene models (Table 1). In these

high-confidence gene sets, 90 F. benghalensis genes (0.36%) and 262 F. religiosa genes (1.09%) could not

find a match in any of the following reference databases—NCBI-nr, Swiss-Prot, and Pfam-A (Table 1).

The usage of final genome assemblies along with transcriptome and protein sequences as empirical

evidence, and AED value criteria of <0.5 as quality control metric ensured the construction of the high-con-

fidence gene set. Presence of more than 94% (complete and fragmented) BUSCO genes in these high-con-

fidence gene sets further attested to the comprehensiveness of the coding gene sets of both the species.

The number of observed high-confidence coding genes was also similar to the other Ficus species

(F. hispida and F. microcarpa) (Zhang et al., 2020).

Synteny analysis

Intra-species collinear blocks were identified using MCScanX (Wang et al., 2012), which showed 23.72%

collinearity (5,933 out of 25,016 genes) among F. benghalensis coding genes and 18.65% collinearity

(4,463 out of 23,929 genes) among F. religiosa coding genes. Furthermore, 48.44% dispersed, 4.37% prox-

imal, 12.93% tandem, 23.72% segmental duplicated genes, and 10.54% singleton genes were detected in

F. benghalensis coding gene set. F. religiosa contained 53.21% dispersed, 3.63% proximal, 12.99% tan-

dem, 18.65% segmental duplicated genes, and 11.52% singleton coding genes. Furthermore, 503 inter-

species syntenic blocks were identified, which involved 58.33% of the total coding genes predicted in

F. benghalensis and F. religiosa genomes, including 14,688 F. benghalensis syntelogs (58.71% of the pre-

dicted genes) and 13,861 F. religiosa syntelogs (57.93% of the predicted genes). The observed high

percentage of duplicated genes in these genomes could have occurred due to the expansion of gene fam-

ilies that provide long lifespan to plants, as in the case of Oak genome (Plomion et al., 2018). Furthermore,

the high percentage of inter-species collinearity between the two Ficus genomes might be a result of Ficus

hybridization events caused by frequent host switching of the fig pollinators (Wang et al., 2021).

Demographic history and phylogenetic position of Ficus species

Effective population size (Ne) estimation for the two Ficus species using PSMC (Li and Durbin, 2011) analysis

showed that both the species suffered one major population bottleneck in a similar time period—around

0.8 million years ago (Figure 1) in the Pleistocene epoch of the Geological timescale, which is similar to the

population demographic history of other tropical forest plants (Bharatraj et al., 2020). The predicted pop-

ulation bottleneck events in both these Ficus species appear to be a consequence of the major glaciation

events in Pleistocene (Verbitsky et al., 2018), and the environmental changes (warm and cold conditions

prevailing for longer time, lack of rainfall, etc.) caused in the Middle Pleistocene transition (Clark et al.,

2006; Dupont et al., 2001). PSMC analysis also showed that these Ficus species could not recover from

the long-term decrease in effective population size caused by the bottleneck events.

Table 1. Genome annotation statistics of the two Ficus species

Parameters F. benghalensis F. religiosa

No.a of coding genes obtained from MAKER 29,524 27,544

No. of coding genes with AED value < 0.5 27,674 (93.73%) 26,126 (94.85%)

Final no. of coding genes after length-based

filtering (High-confidence gene set)

25,016 23,929

Presence of BUSCOs in coding gene set (using

embryophyta_odb10 gene set)

86.3% complete,

8.1% fragmented

90.1% complete,

4.2% fragmented

No. of rRNAs 1,028 1,135

No. of tRNAs (decoding standard amino acids) 679 668

No. of miRNAs (homology-based) 195 185

No. of coding genes mapped against NCBI-nr database 24,909 23,638

No. of coding genes mapped against Swiss-Prot database 20,947 19,850

No. of coding genes mapped against Pfam-A database 20,541 19,437

aNo.: Number.
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Phylogenetic position of F. benghalensis was resolved in comparison with 50 other Eudicot species span-

ning a total of 15 plant orders, along with Zea mays as an outgroup species. A total of 469 fuzzy one-to-one

orthogroups were constructed across all 52 selected species including F. benghalensis, F. religiosa, and

four other Ficus species (F. hispida, F. microcarpa, F. carica, and F. erecta). A maximum likelihood-based

phylogenetic tree was constructed (with no polytomy) using the concatenated and filtered protein

sequence alignments of these orthogroups containing a total of 525,369 alignment positions (Figure 2).

F. benghalensis and F.microcarpawere found tobe the closest related species to eachother andwereplaced in

the same clade. F. religiosa was the phylogenetically closer species of F. benghalensis and F. microcarpa

compared to the other Ficus species used in this study. Species from other genera of the same phylogenetic

order Rosales were placed in the adjacent clades to these Ficus species, among which, Cannabis sativa

belonging to the plant family Cannabaceae was the closest of Ficus species and shared the most recent com-

mon ancestor. Species belonging to Rosales plant order were closer to species from Fabales and Cucurbitales

orders in comparison to other selected species, which is also supported by studies based on 18S rDNA, atpB

and rbcL gene sequences (Soltis et al., 2000), and other previous reports (Lee et al., 2005).

The phylogenetic positions of the plant orders—Rosales, Fabales, and Cucurbitales—were compared and

found to be comparatively closer to the plant orders Brassicales, Malpighiales, Sapindales, and Malvales.

The plant orders Apiales, Asterales, Solanales, Gentianales, Lamiales, Ericales, Vitales, and Caryophyllales

diverged earlier and among them, the species from the plant order Caryophyllales (Beta vulgaris) was

found to diverge the earliest among all the selected Eudicot species, and hence it was the most distant

Eudicot species to the two Ficus species. The relative phylogenetic positions of the plant orders analyzed

in this study were also supported by previous studies (Mahajan et al., 2021; Soltis et al., 2000).

Expanded/contracted gene families

A total of 68,557 gene families were obtained from the set of coding gene sequences of the six Ficus spe-

cies and 46 other plant species that were used for phylogenetic tree construction. 31,177 families were re-

tained after the clade and size-based filtering of gene families. In F. benghalensis 1,562 families were found

expanded and 2,242 families showed contraction in gene number. In F. religiosa species, 1,265 and 7,358

families were found to be expanded and contracted, respectively. The highly expanded gene families

(18 families with R10 expanded genes) in F. benghalensis consisted of ABC transporters, cAMP signaling

Figure 1. Comparative demographic histories of F. benghalensis and F. religiosa

Light green and light pink lines denote to the bootstrap values used in PSMC analysis.
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pathway, phenylpropanoid biosynthesis, flavonoid biosynthesis, and other KEGG pathways. Similarly, 17

highly expanded gene families in F. religiosa included KEGG pathways such as starch and sucrose meta-

bolism, plant-pathogen interaction, longevity-regulating pathway, ABC transporter, phenylpropanoid

biosynthesis, protein processing in ER, and others. It is to be noted that the expanded gene families in

these Ficus species were involved in disease resistance functions in plants.

Among the annotated gene families that showed high contraction (R10 contracted genes) in

F. benghalensis, 28 gene families were involved in tryptophan metabolism, plant hormone signal transduc-

tion, and other KEGG pathways, and 31 gene families in F. religiosa were involved in phenylpropanoid

biosynthesis, flavonoid biosynthesis, amino sugar and nucleotide sugarmetabolism, and other KEGGpath-

ways. It was noted that among the list of highly expanded gene families observed in F. benghalensis, three

families showed contraction or no expansion/contraction in F. religiosa species (Table S9), which perhaps

hints toward their role in species-specific evolution in the two Ficus species.

Genes with signatures of adaptive evolution

A total of 7,038 orthogroups identified across the 20 species including F. benghalensis, F. religiosa, and

four other Ficus species (F. hispida, F. microcarpa, F. carica, and F. erecta) (see STAR Methods) were

used for the evolutionary analyses to identify the Ficus species-specific genes showing signatures of adap-

tive evolution. Among the F. benghalensis species-specific genes, 596 genes had unique amino acid sub-

stitutions compared to the other plant species. Of which, substitutions in 415 of these genes were identified

to have a functional impact. Also, 85 genes showed positive selection (p values <0.05), and 14 genes

showed higher rates of evolution, i.e., higher branch length distance values compared to the other species.

Additionally, 205 genes containing positively selected codon sites were foundwith >95%probability, which

Figure 2. Phylogenetic position of the Ficus trees

Species phylogenetic tree of F. benghalensis and F. religiosa with respect to 49 other selected Eudicot species (spanning 15 plant orders), and Zea mays

(monocot) as outgroup species. The numbers mentioned in green and red color denote to the number of expanded and contracted gene families,

respectively, in the corresponding species. Divergence time between F. benghalensis and F. religiosa species was 55 MYA according to TimeTree database

v5.0 (Hedges et al., 2006).
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is a site-specific evolutionary signature. A total of 17 genes were identified as the genes with multiple signs

of adaptive evolution (MSA) (see STAR Methods), and were associated with functions that are essential for

long-time survival of plants, e.g., root development, cellular machinery, metabolism, etc. (Data S1 and

Figure 3).

Similarly, in F. religiosa species, a total of 62 genes were positively selected (p values <0.05), and 14 genes

showed higher rate of nucleotide divergence. Among the 751 genes that showed unique amino acid sub-

stitution, 536 genes that contained substitutions with predicted functional impacts were considered for

further analysis. Also, 246 genes contained positively selected codon sites (>95% probability). Thus, a total

of 19 genes were identified asMSA genes and were found to be involved in functions essential for providing

longevity in plants such as root development, reproduction, metabolism, etc. (Data S2 and Figure 3). The

distribution of genes with signatures of adaptive evolution in various KEGG pathways, COG categories,

and GO categories is mentioned in Tables S10–S22.

Evolutionary analyses of the two Ficus species provide clues for longevity

Plant growth and development

In F. benghalensis, the MSA genes were mainly involved in root growth, pollen tube and seed develop-

ment, leaf formation, cell wall synthesis, metabolism, and other developmental processes (Table S23).

The MSA genes of F. religiosa were mainly associated with root cell elongation, cell proliferation, seed

and pollen tube growth, lateral organ development, controlling flowering time, metabolism, intracellular

transport, etc. (Table S24). Functions of theseMSA genes in both the Ficus species were obtained from pre-

vious experimental studies (Hinckley et al., 2019; Kinoshita et al., 2010; Liu et al., 2003; Madison et al., 2015;

Muñoz-Bertomeu et al., 2010; Schiøtt et al., 2004).

Using the protein-protein interaction data of Arabidopsis genes orthologous to Ficus genes present in

STRING database, five out of 17 F. benghalensisMSA genes were found to interact with at least one other

MSA gene based on protein co-expression evidence. AT5G41040 and GAPDH, GAPDH and ACA9, and

Figure 3. Evolutionary significant biological processes responsible for Ficus longevity

Functional categories of genes involved in providing long lifespan of Ficus trees. See also Tables S21 and S22.
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AT5G24690 and AT1G80410 showed protein-protein interaction in F. benghalensis. In F. religiosa also, five

out of 19MSA genes showed protein-protein interaction with at least one other MSA gene based on exper-

imental or co-expression evidence present in the STRING database. HAC1 and GAPDH (experimental ev-

idence), GAPDH and TGA9 (co-expression evidence), and AT1G05010 and AT2G39210 (co-expression ev-

idence) showed protein-protein interaction. These genes in both the species were involved in plant organ

development, phytohormones signaling, and stress responses in plants (Hinckley et al., 2019; Houben and

Van de Poel, 2019; X. Li et al., 2019b; Murmu et al., 2010; Schiøtt et al., 2004).

CAM pathway is an adaptation to photosynthetic machinery that is majorly observed in plants in arid con-

ditions or epiphytes or hemiepiphytes (Shameer et al., 2018; Zotz, 2004), and plants that exhibit both C3 and

CAMpathways of photosynthesis show leaf longevity (Lüttge, 2010). Among the six major enzymes (PEPCK,

PPDK, ME, MDH, PEPC, and CA) involved in dark and light phases of CAM pathway (Shameer et al., 2018),

CA showed unique amino acid substitution with functional impact in F. benghalensis. PEPC and PPDK reg-

ulatory protein contained unique substitutions with functional impact, and CA showed both unique substi-

tution and positively selected codon site in F. religiosa.

Auxin is a phytohormone involved in plant root growth and lateral root formation (Fukui and Hayashi, 2018).

Among the two major enzymes (TAA1 and YUCCA) responsible for auxin biosynthesis (Fukui and Hayashi,

2018), TAA1 showed unique substitution with functional impact in F. benghalensis. Among the genes

important for auxin signaling (Fukui and Hayashi, 2018), GH3, AUX1, and ABCB had unique substitution

A B

C D

Figure 4. Evolutionary signatures in auxin signaling and plant senescence regulatory pathways

(A) Adaptive evolution of auxin biosynthesis and signaling pathway in F. benghalensis.

(B) Adaptive evolution of auxin biosynthesis and signaling pathway in F. religiosa.

(C) Adaptive evolution of genes involved in regulating senescence in F. benghalensis.

(D) Adaptive evolution of genes involved in regulating senescence in F. religiosa.
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with functional impact in F. benghalensis (Figure 4A). In F. religiosa species, ARF, GH3, and DAO showed

unique substitution with functional impact (Figure 4B).

Plant senescence or aging process is regulated by various phytohormones signaling and has a proposed

role in increased lifespan or longevity (Chen et al., 2017; Khan et al., 2014). The genes containing unique

substitutions in F. benghalensis include AHK3 that regulates longevity (Bartrina et al., 2017), and AHP,

MYC2, RGL1, LOX2, and Invertase (Figure 4C). In case of F. religiosa, EIN2, ARF2, and RGL1 had uniquely

substituted amino acid positions, and SAG, WRKY53, and WRKY70 showed positively selected codon site

(Figure 4D).

Gene family expansion/contraction analysis revealed that the highly expanded gene families of both the

species were involved in disease resistance functions in plants. Notably, one of these families in both

the Ficus species was CC-NBS-LRR class gene family, which is one of the best-characterized disease resis-

tance families (R-proteins) in plants (Knepper and Day, 2010). The gene structure of the longest gene iden-

tified from this family revealed presence of three exons and two introns in F. benghalensis, two exons and

one intron in F. religiosa, and the presence of nucleotide-binding (NB) and leucine-rich repeat (LRR) do-

mains that is the characteristic feature of this gene family (Arora et al., 2019) (Figures 5A and 5B). Gene

expression analysis of CC-NBS-LRR gene family showed that five out of 22, and seven out of 23 coding

genes present in this family showed TPM (Transcripts Per Million) value > 1 in F. benghalensis and

F. religiosa, respectively (Figures 5D and 5E) (see STAR Methods). Also, in F. benghalensis species, one

of the considerably expanded gene families was xyloglucan endotransglucosylase/hydrolase, which aids

in canker disease resistance in plants (Q. Li et al., 2019a; Shirasawa et al., 2020). The longest gene from

this family in F. benghalensis consisted of three introns and four exons (Figure 5C), and six out of 31 coding

genes showed TPM value > 1 in this family (Figure 5F). Gene number expansion in the considerably

expanded gene families of both the Ficus species occurred due to the various types of gene duplications

as obtained from MCScanX analysis.

Plant stress tolerance

In F. benghalensis species, 15 out of 17 MSA genes were also associated with tolerance against environ-

mental stress responses in plants. The genes were mainly involved in tolerance against drought, oxidative

stress, osmotic stress, and other abiotic and biotic stress responses against pathogens (Afzal et al., 2016;

Almaghrabi et al., 2019; Ghosh et al., 2022; Singh et al., 2018; Wi et al., 2020) (Table S23). In F. religiosa, 17

out of 19MSA genes were known associated with stress tolerance activities of plants such as osmotic stress,

oxidative stress, other ABA-mediated abiotic stress, and phytohormones signaling-based pathogen de-

fense responses (Kachroo et al., 2003; Li et al., 2019b; Sharma et al., 2018; Yuan et al., 2018) (Table S24).

Plants protect themselves against the toxic reactive oxygen species (ROS)-mediated cellular damage

caused by biotic and abiotic stress responses by means of their antioxidative mechanisms (Pandey et al.,

2015). In F. religiosa, three enzymes (APX, MDHAR, and DHAR) involved in Ascorbate-Glutathione (AsA-

GSH) pathway (a crucial pathway in ROS homeostasis (Pandey et al., 2015)) showed unique substitution

with functional impact, and Glutathione S-transferase was positively selected. In F. benghalensis, the

MDHAR enzyme showed unique substitution, CAT was positively selected, and Glutathione

S-transferase had positively selected codon site. Furthermore, genes involved in glutamate signaling

and metabolism that are required for oxidative stress tolerance, senescence, and development in plants

showed unique substitution with functional impact in these Ficus species (GLR3.3 in F. benghalensis,

and 5-oxoprolinase in F. religiosa) (Qiu et al., 2020).

Pollination in Ficus and floral longevity

Efficient pollination has been related to floral longevity and reproductive ecology of plants (Castro et al.,

2008). For pollination in Ficus, shikimate and mevalonate pathways are the two important pathways that

produce VOCs (volatile organic compounds) present in floral scents of Ficus trees, which are responsible

for fig-wasp (fig pollinator) interactions that help to maintain obligate mutualism between Ficus trees

and wasps (Grison-Pigé et al., 2002; Zhang et al., 2020). All seven enzymes involved in shikimate pathway

and mevalonate pathway were present in the high-confidence coding gene set of F. religiosa and

F. benghalensis. In F. religiosa, AACT (involved in mevalonate pathway) showed positively selected codon

site, and mevalonate kinase (involved in mevalonate pathway) showed unique amino acid substitution with

functional impact compared to their orthologs in other 15 species. Furthermore, mevalonate pathway is
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C

D

E

F

Figure 5. Structure and expression of genes from the disease resistance gene families

(A) Gene structure of the longest gene from the expanded CC-NBS-LRR gene family (R-gene family) in F. benghalensis.

(B) Gene structure of the longest gene from the expanded CC-NBS-LRR gene family in F. religiosa.

(C) Gene structure of the longest gene from the expanded xyloglucan endotransglucosylase/hydrolase (canker

resistance) gene family in F. benghalensis.

(D) Expression level (TPM values) of the genes included in CC-NBS-LRR gene family in F. benghalensis.

(E) Expression level (TPM values) of the genes included in CC-NBS-LRR gene family in F. religiosa (data not shown for TPM

value > 100).

(F) Expression level (TPM values) of the genes included in xyloglucan endotransglucosylase/hydrolase (canker resistance)

gene family in F. benghalensis.
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also the precursor to terpenoid backbone biosynthesis. GGPPS that is involved in the downstream terpe-

noid backbone biosynthesis pathway also showed unique substitution with functional impact. In

F. benghalensis, EPSPS (involved in shikimate pathway) and GGPPS (involved in terpenoid biosynthesis

pathway) showed unique amino acid substitution with functional impact, and HMGR (involved in mevalo-

nate pathway) showed positively selected codon site.

Enzymes involved in mevalonate and shikimate pathway were also analyzed for gene family expansion/

contraction. One gene family of mevalonate pathway (AACT) was contracted in F. benghalensis, whereas

two families (MK and AACT) were contracted in F. religiosa. For the gene families containing genes

involved in shikimate pathway, one expanded (shikimate kinase) gene family was found in

F. benghalensis, whereas one contracted family (DAHP synthase) was found in F. religiosa. Gene expansion

in shikimate kinase gene family of F. benghalensis was accounted by gene duplication events as found in

the gene duplication analysis in this study.

Evolutionary analyses excluding the other Ficus species showed a greater number of genes

with adaptive evolution

Analyses of genes showing evolutionary signatures excluding the four other Ficus species, i.e., across 16

Eudicot species (see STAR Methods) showed presence of 45 and 55 MSA genes in F. benghalensis and

F. religiosa, respectively. In F. benghalensis, the MSA genes were mainly involved in root gravitropism

response, root thigmomorphogenesis, root elongation, pollen tube development, auxin transport, repro-

ductive growth, flower development, intracellular protein transport, stress tolerance, and other develop-

mental processes. The MSA genes of F. religiosa were mainly associated with root cell elongation, leaf

development, cell proliferation, phytohormones signaling, reproductive growth, controlling flowering

time, formation of cellular components, stress tolerance, etc. (Tables S25 and S26).

DISCUSSION

In this study, we have performed the first whole genome sequencing of the two dicot Ficus tree

species—F. benghalensis and F. religiosa, belonging to Moraceae family, and successfully constructed

their draft genomes using a hybrid sequencing and assembly approach. The comprehensive genome-

wide phylogeny constructed here included both the Ficus species, and consisted of a total of 52 species

covering 15 phylogenetic plant orders, which will serve as a valuable reference for future phylogenetic

studies. In the comparative evolutionary analyses, the inclusion of closely related plant species (according

to the above phylogenetic tree) helped in precise identification of genes with evolutionary signatures in

F. benghalensis and F. religiosa species. Also, the inclusion of other plant species with long lifespan,

including Actinidia chinensis, Coffea canephora, Olea europaea, Pistacia vera, Populus trichocarpa, and

Vitis vinifera, in the comparative analysis helped in the identification of adaptively evolved genes, which

could have played a significant role in longevity of these two Ficus species. Furthermore, the inclusion of

coding genes from other Ficus species, both short-lived and long-lived, helped to identify plausible spe-

cies-specific Ficus genes responsible for the morphological characteristics and evolutionary adaptation in

these two plant species. Evolutionary analyses including the other Ficus species (F. hispida, F. microcarpa,

F. carica, and F. erecta) showed a lesser number of genes having adaptive evolution compared to the an-

alyses excluding the other Ficus species. This eliminates the possibility of finding genes that are also under

selection in the short-lived Ficus species, and thus adds to the significance of these results.

Shikimate and mevalonate pathways are responsible for efficient pollination event that might influence floral

longevity as well as reproductive success of the Ficus species, as in the case of Ficus altissima (Castro et al.,

2008; Peng et al., 2010). The presence of evolutionary signatures in the enzymes as well as gene family expan-

sion/contraction suggested adaptive evolution of these pathways in these Ficus species. Evolution of shikimate

pathway, which is also responsible for the production of pollinator attracting VOCs (Zhang et al., 2020), sug-

gested presence of fig-wasp obligate mutualism in these plant species. In addition, the adaptively evolved

genes related to flowering alsomight influence Ficus pollination as well as fig-waspmutualism and co-evolution

in both these species. Similarly, the evolution of mevalonate pathway in F. religiosa that regulates plant devel-

opmental processes by aiding metabolism, phytohormones biosynthesis, isoprenoid biosynthesis, etc. (Kasa-

hara et al., 2002; Venkateshwaran et al., 2015), indicates the adaptive evolution of plant growth and develop-

ment in this species. In addition, the adaptive evolution of shikimate and mevalonate pathways, which are

also the precursors for production of phenolic and terpenoid classes of secondary metabolites (Francenia San-

tos-Sánchez et al., 2019; Wang et al., 2019), explains the presence of medicinal properties in these plants. To
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support this, evolutionary signature was also observed in another enzyme involved in terpenoid backbone

biosynthesis pathway in both the species. These evolutionary signatures suggest the evolutionary advantage

of both these species since many of these terpenoids have a potent defensive element against pests and path-

ogens that is a genetically controlled trait common among long-lived species (Kitajima et al., 2018; Piovesan and

Biondi, 2021; Villard et al., 2019).

Plant longevity is influenced by several factors such as phytohormones signaling, senescence regulating

pathways, reproductive growth, a wide range of stress tolerance genes, reactive oxygen species, gene fam-

ily expansion and gene duplication of disease-resistant genes, etc. (Bartrina et al., 2017; Plomion et al.,

2018; Wang et al., 2020). One of the key findings of this study is the identification of signatures of adaptive

evolution in genes that are associated with providing longevity in both the species. Particularly, the genes

related to sustained growth and development—plant root development, flowering, reproductive growth,

and metabolism—showed multiple signs of adaptation. The study also indicated the presence of CAM

pathway of photosynthesis in F. benghalensis and F. religiosa, which is a characteristic of epiphyte or hemi-

epiphyte plants to conserve water storage, when they survive as epiphytes (Martin et al., 2005). Previous

studies have shown that plants that use both C3 and CAM pathways of photosynthesis exhibit long-lived

leaves, thus the evolutionary signatures of CAM pathway in F. benghalensis and F. religiosa perhaps

also contribute to leaf longevity (Lüttge, 2010).

Notably, the genes involved in auxin signaling and plant senescence also showed signatures of adaptive

evolution. The phytohormone auxin plays a major role in plant root development that aids in the growth

and development of plants (Saini et al., 2013; Zhang et al., 2020). The signatures of adaptive evolution in

genes involved in auxin synthesis and signaling mechanisms could explain the presence of well-developed

aerial roots in F. benghalensis and provide support for the growth and survival of large Ficus trees against

environmental challenges. Auxin-responsive gene families, e.g., ARF and GH3 are also known to be

involved in plant disease resistance mechanisms that confer longevity in plants (Ghanashyam and Jain,

2009). Furthermore, the presence of evolutionary signatures in genes of both the species involved in phyto-

hormone signaling pathways that function to regulate plant developmental senescence and aging

processes also provides clues for the long lifespan of these Ficus species.

In addition, the expansion of selected plant disease resistance gene families through gene duplication

events in the course of evolution also confers longevity in these species (Plomion et al., 2018). Furthermore,

we also noted high expression levels of genes included in these distinct disease resistance gene families

(Figures 5D–5F). Thus, it is tempting to speculate the collective role of gene duplication and subsequent

expansion of plant disease resistance gene families, along with gene expression regulation in achieving

longer lifespan (Plomion et al., 2018).

Notably, 88% and 89% of the MSA genes were also associated with tolerance against biotic and abiotic

stress responses in F. benghalensis and F. religiosa, respectively, which further assist in plant survival

against environmental challenges. The presence of diverse defense or stress tolerance-related genes is

also an important factor in providing long-time survival of plants (Tobias and Guest, 2014). Stress response

mechanisms such as JA and SA-signaling pathways also regulate secondary metabolism (Isah, 2019), which

further associates with the medicinal properties of these trees (Chakraborty et al., 2021).

Thus, it is apparent from the comparative analyses that the two Ficus species show a high level of similarity in

genomic characteristics and follow similar evolutionary adaptations of functional pathways that aid in their

growth and survival strategies to achieve longevity. It can be speculated that to survive in diverse and chal-

lenging environmental conditions, the genes that help to sustain plant growth and development through pro-

cesses such as root cell growth and proliferation, phytohormones signaling, CAM pathway, plant senescence

regulating pathways, plant metabolism, cell wall and plasma membrane component biosynthesis, intracellular

machinery, antioxidative defense, etc. have evolved to provide a longer lifespan in plant species such as

F. benghalensis and F. religiosa, and make them the keystone plants in tropical and sub-tropical ecosystems

(Harrison, 2005; Shanahan et al., 2001). The presence of adaptively evolved genes of both Ficus species

(Tables S11–S13) and highly expanded gene families of F. religiosa in longevity-regulating pathways (KEGG

pathway) also supports the long lifespan of these two Ficus species. In addition, identification of adaptive evolu-

tionary signatures in the plant senescence regulating pathways, and expansion and high expression of the dis-

ease resistance gene families might also have a key role in the observed long lifespan of these Ficus species.
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Taken together, the availability of whole genome sequences of these two Ficus species and evolutionary in-

sights into themechanisms related to longevity andmedicinal properties in these species will serve as a valuable

resource for further genomic, ecological, and evolutionary studies on Ficus genus.

Limitations of the study

Ficus genus comprises more than 800 species and the availability of genomic data frommore Ficus species

will help in improving the genomic assemblies and comparative analysis. Furthermore, the experimental

validation of the role of adaptively evolved genes in longevity will help in supporting our hypothesis that

longevity is a multifaceted phenomenon.
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Data and code availability

d The raw reads obtained from genome and transcriptome sequencing of both F. benghalensis

(BioProject accession – PRJNA759132, BioSample accession – SAMN21156846, SRA accessions –

SRR15676288, SRR15676289, SRR15676290), and F. religiosa (BioProject accession – PRJNA759116,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BUSCO (Simão et al., 2015) https://busco.ezlab.org/

BWA (Li, 2013) http://bio-bwa.sourceforge.net/

SAMtools (Li et al., 2009) http://www.htslib.org/

BCFtools (Li, 2011) https://samtools.github.io/bcftools/bcftools.html

RepeatModeler (Flynn et al., 2020) http://www.repeatmasker.org/RepeatModeler/

CD-HIT (Li and Godzik, 2006) http://weizhong-lab.ucsd.edu/cd-hit/

RepeatMasker N/A http://www.repeatmasker.org

TRF (Benson, 1999) https://tandem.bu.edu/trf/trf.html

MAKER (Cantarel et al., 2008) https://www.yandell-lab.org/software/maker.html

Trinity (Haas et al., 2013) https://github.com/trinityrnaseq/trinityrnaseq/

AUGUSTUS (Stanke et al., 2006) http://bioinf.uni-greifswald.de/augustus/

Exonerate N/A https://github.com/nathanweeks/exonerate

tRNAscan-SE (Chan et al., 2021) http://lowelab.ucsc.edu/tRNAscan-SE/

Barrnap N/A https://github.com/tseemann/barrnap

PSMC (Li and Durbin, 2011) https://github.com/lh3/psmc

OrthoFinder (Emms and Kelly, 2019) https://github.com/davidemms/OrthoFinder

KinFin (Laetsch and Blaxter, 2017) https://github.com/DRL/kinfin

MAFFT (Katoh and Standley, 2013) https://www.ebi.ac.uk/Tools/msa/mafft/

BeforePhylo N/A https://github.com/qiyunzhu/BeforePhylo

RAxML (Stamatakis, 2014) https://cme.h-its.org/exelixis/web/software/raxml/

CAFÉ (De Bie et al., 2006) https://hahnlab.github.io/CAFE/index.html

MCL (Van Dongen and Abreu-Goodger, 2012) https://micans.org/mcl/

MCScanX (Wang et al., 2012) https://github.com/wyp1125/MCScanX

SIFT (Ng and Henikoff, 2003) https://sift.bii.a-star.edu.sg/

adephylo (Jombart and Dray, 2010) https://cran.r-project.org/web/packages/adephylo/

index.html

PAML (Yang, 2007) http://abacus.gene.ucl.ac.uk/software/paml.html

HMMER (Finn et al., 2011) http://hmmer.org/

KAAS (Moriya et al., 2007) https://github.com/PEHGP/kaas

eggNOG-mapper (Huerta-Cepas et al., 2017) https://github.com/eggnogdb/eggnog-mapper

WebGeStalt (Liao et al., 2019) http://www.webgestalt.org/

Motif Scan N/A https://myhits.sib.swiss/cgi-bin/motif_scan

Kallisto (Bray et al., 2016) https://pachterlab.github.io/kallisto/
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BioSample accession – SAMN21156584, SRA accessions – SRR15676280, SRR15676281, SRR15676282)

species have been deposited in NCBI SRA database.

d This study does not report original code.

d We have provided all detailed information to reanalyze this study in STAR Methods to the best of our

knowledge. Any additional information is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study does not include experimental model or subjects.

METHOD DETAILS

DNA-RNA extraction and sequencing

The leaves were collected from a single F. benghalensis tree and a single F. religiosa tree located in Bhopal,

India (23.2280252�N 77.2088987�E). The leaves were cleaned and processed for DNA and RNA extraction.

The DNA extraction was carried out using Carlson lysis buffer by following Oxford Nanopore suggested

protocol using Genomic tip 20 of Blood and cell culture kit (Qiagen, CA, USA) with few modifications.

The quality check and quantification of DNA were performed on Nanodrop 8000 spectrophotometer

(Thermo Fisher Scientific, USA) and Qubit 2.0 fluorometer (Invitrogen, Thermo Fisher Scientific, USA),

respectively. The species were identified as F. benghalensis and F. religiosa by amplifying, sequencing

and performing Nucleotide BLAST (Basic local Alignment Search Tool) of two marker genes i.e., Internal

Transcribed Spacer (ITS) and Maturase K (MatK). The genomic library for linked reads was prepared on

Chromium Controller instrument (10x Genomics, CA) and sequenced on Illumina Novaseq 6000 platform

to produce 150 bp paired-end reads. The long read genomic library was prepared using SQK-LSK-109 kit

followed by sequencing onMinIONMk1B instrument (Oxford Nanopore Technologies, UK). The total RNA

was extracted using TRIzol reagent (Invitrogen, Thermofisher Scientific, USA). The transcriptomic library

was prepared using Illumina TruSeq Stranded Total RNA library preparation kit with Ribo-Zero workflow

and 150 bp paired-end reads were generated on Illumina Novaseq 6000 instrument (Illumina Inc., CA, USA).

Genome assembly

Genome sizes of the two Ficus species were predicted using 10x Genomics linked reads. Barcode se-

quences were extracted from the raw reads using available proc10xG set of python scripts (https://

github.com/ucdavis-bioinformatics/proc10xG), and these pre-processed linked reads were used to esti-

mate the genome size. Genomic heterozygosity was also estimated for the two Ficus species in order to

assess the complexity of the genomes. Jellyfish v2.2.10 (Marçais and Kingsford, 2011) was used to generate

k-mer count histograms using the barcode-filtered paired-end reads, and GenomeScope v2.0 (Ranallo-Be-

navidez et al., 2020) was used to estimate the genome sizes, and to calculate the heterozygosity profiles.

The de novo genome assembly of both the Ficus species was performed following the same approach. Ox-

ford Nanopore raw data was basecalled using Guppy v3.2.1 (Oxford Nanopore Technologies) and adapter

removal of the raw reads was performed using Porechop v0.2.3 (Oxford Nanopore Technologies). Genome

assembly using these pre-processed reads was performed using wtdbg v2.0.0 (Ruan and Li, 2020) with

default settings, SMARTdenovo (https://github.com/ruanjue/smartdenovo) with minimum read length of

0, Canu v2.0 (Koren et al., 2017) with default settings (after reads correction using Canu v2.0) and Flye

v2.4.2 (Kolmogorov et al., 2019) with default settings. Quality statistics of all these assemblies were calcu-

lated using Quast v5.0.2 (Gurevich et al., 2013), and based on the assembled genome size and assembly

statistics, the assembly derived from Flye v2.4.2 was selected for further analysis. 10x Genomics linked

reads, which were processed using Longranger basic v2.2.0 (https://support.10xgenomics.com/genome-

exome/software/pipelines/latest/installation), were used to polish this assembly three times using Pilon

v1.23 (Walker et al., 2014). RNA-Seq data was quality-filtered using Trimmomatic v0.38 (Bolger et al.,

2014) with the parameters - ‘‘LEADING:20 TRAILING:20 SLIDINGWINDOW:4:20 MINLEN:60’’, and the

filtered paired-end data was used for scaffolding using AGOUTI v0.3.3 (Zhang et al., 2016) to improve

the assembly contiguity. The barcode-processed linked reads and pre-processed Nanopore long reads

(Canu v2.0-corrected reads) were also used for further scaffolding of this assembly using ARCS v1.1.1

(Yeo et al., 2018) and LINKS v1.8.6 (Warren et al., 2015) with default settings. Contigs with length of

R1,000 bp (after scaffolding) were extracted (assembly v0.1).
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The complete 10x Genomics data of 327.41 million barcoded linked reads (116.67x raw coverage) and

324.53 million reads (125.43X raw coverage) were used for de novo assembly of F. benghalensis and

F. religiosa genome, respectively, using Supernova v2.1.1 (Weisenfeld et al., 2017). The mis-assembly re-

gions were corrected using Tigmint v1.2.1 (Jackman et al., 2018) with the barcode-processed linked reads

resulted from Longranger basic v2.2.0. Quality-filtered RNA-Seq paired-end reads were used to improve

the contiguity of this assembly using AGOUTI v0.3.3 (Zhang et al., 2016). Barcode-processed linked reads

and error-corrected Nanopore long reads were used for further scaffolding using ARCS v1.1.1 (Yeo et al.,

2018) (default settings) and LINKS v1.8.6 (Warren et al., 2015), respectively. Contigs with length of

R1,000 bp (after scaffolding) were retained (assembly v0.2).

For eachof the two species, assembly v0.1 and assembly v0.2weremergedusingQuickmerge v0.3 (Chakraborty

et al., 2016), which joins the gaps between the sequences in one assembly by using sequences from the other

assembly, and thus improve the assembly contiguity (assembly v1). Further, scaffolds from assembly v0.2 were

searched against the scaffolds from assembly v1 using BLASTN, and the unique sequences that did not match

even with stringent parameters (sequence identity 10%, query coverage 10%, e-value 10�9) were directly added

to assembly v1 (Jaiswal et al., 2021; Schmidt et al., 2020). In this process, 910 and 1,976 unique contigs with

comparatively shorter lengths (mean sequence length = 39.1 kb and 11.6 kb) were added to the assemblies

v1 of F. benghalensis and F. religiosa genomes, respectively. Gap-closing of these assemblies (assembly v2)

was performed in three iterations using LR_Gapcloser (Xu et al., 2018) with error-corrected Oxford Nanopore

long reads. Finally, barcode-processed 10x Genomics linked reads were used to fix any further local mis-assem-

blies, small indels, and base errors using Pilon v1.23 (Walker et al., 2014) to generate the final F. benghalensis

and F. religiosa genome assemblies (assembly v3). Completeness of these final genome assemblies was

checked using embryophyta_odb10 single-copy orthologs dataset from BUSCO v5.2.1 (Simão et al., 2015).

Also, to check the comprehensiveness of the final genome assembly, barcode-filtered 10x Genomics linked

reads and adapter-processed Nanopore long reads were mapped to the final genome assemblies using

BWA-MEM v0.7.17 (Li, 2013), and the mapping percentage was calculated using SAMtools v1.9 ‘‘flagstat’’ (Li

et al., 2009). The read alignment results were further analyzed using Qualimap v2.2.2 (Okonechnikov et al.,

2016) to calculate the depth distribution for all base positions in the genomes. The detailed information related

to genome assembly and processing steps are mentioned in Figure S4.

Sequence variation in the final Ficus genome assemblies was analyzed by mapping the barcode-filtered 10x

Genomics linked reads to their respective whole genome assemblies using BWA-MEM v0.7.17 (Li, 2013), and

SAMtools v1.9 (Li et al., 2009). Variant calling was performed using BCFtools v1.9 ‘‘mpileup’’ (Li, 2011) with

the quality-filtration criteria - sequencing depth R30, quality of variant sites R30, and mapping quality R50.

Genome annotation and gene set construction

Genome annotation for F. benghalensis and F. religiosa species was performed using their corresponding final

genome assemblies generated in the previous step. For repeat annotation, de novo repeat libraries were con-

structed for these genomes using RepeatModeler v2.0.1 (Flynn et al., 2020), which were further clustered to re-

move redundant sequences using CD-HIT-EST v4.8.1 (Li and Godzik, 2006) with sequence identity of 90%, and

seed size of 8 bp. These resultant repeat libraries were used to soft-mask the two Ficus genomes using

RepeatMasker v4.1.0 (http://www.repeatmasker.org). Additionally, simple repeat sequences were also pre-

dicted in the final genome assemblies using Tandem Repeats Finder (TRF) v4.09 (Benson, 1999).

The repeat-masked genomes of F. benghalensis and F. religiosa were used for gene set construction. MAKER

v2.31.10 (Cantarel et al., 2008), the genome annotation pipeline was used to construct the coding gene sets us-

ing ab initio and evidence alignment-based approaches. Quality-filtered RNA-Seq reads (using Trimmomatic

v0.38) of F. benghalensis from this study, and quality-filtered transcriptome reads of F. religiosa from this study

and previous report (Matasci et al., 2014) were used to construct de novo transcriptome assemblies using Trinity

v2.9.1 (Haas et al., 2013) with default parameters. The resultant transcriptome assemblies, and the protein se-

quences of phylogenetically closer species -Cannabis sativa,Malus domestica, Prunus avium, and Rosa chinen-

sis that belong to the sameplant order Rosales (obtained fromEnsembl Plants release 48) were used as EST and

protein evidence for gene set construction of the two respective Ficus species. For ab initio gene finding,

AUGUSTUS v3.2.3 (Stanke et al., 2006) was used, and for empirical evidence alignments, BLAST (Altschul

et al., 1990) and Exonerate v2.2.0 (https://github.com/nathanweeks/exonerate) were used. The gene models

were filtered based on their Annotation Edit Distance (AED) values and length-based criteria. Only the genes

with AED values < 0.5, and length (R300 bp) were selected for the final gene set construction of
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F. benghalensis and F. religiosa, and termed high-confidence gene sets (Zhang et al., 2019). Completeness of

these gene sets was assessed using BUSCO v5.2.1 (Simão et al., 2015) with embryophyta_odb10 dataset of sin-

gle-copy orthologous genes.

Further, de novo prediction of tRNA and rRNA genes was performed using tRNAscan-SE v2.0.7 (Chan et al.,

2021), and Barrnap v0.9 (https://github.com/tseemann/barrnap). Homology-based identification of miRNA

gene sequences was performed using BLASTN (sequence identity 80%, e-value 10�3) against miRBase

database (Griffiths-Jones et al., 2008).

PSMC analysis

Demographic history was constructed for F. benghalensis and F. religiosa species for comparative study

using Pair-wise Sequentially Markovian Coalescent (PSMC) (Li and Durbin, 2011) with the whole genome

sequences of F. benghalensis and F. religiosa constructed in this study. The barcode-filtered 10x Genomics

linked reads of the two species, which were mapped to their respective whole genome assemblies using

BWA-MEM (Li, 2013), were used to construct the consensus diploid sequences using SAMtools v1.9 ‘‘mpi-

leup’’ (Li et al., 2009) and BCFtools v1.9 (Li, 2011) in a manner that the minimum read depth is a third of the

average read depth, and the maximum read depth is set to the twice of the average read depth. The

consensus sequences were filtered for sites with quality score <20. PSMC analysis was performed using

the parameters ‘‘N30 -t5 -r5 -p4+25*2 + 4+6’’ with 100 bootstrap values. Generation time of 7 years, and

a mutation rate per site per generation of 1.75 3 10�8 was considered for this analysis, which was used

for another Ficus species F. carica in a previous study (Bharatraj et al., 2020).

Phylogenetic analysis

Protein sequences of all 45 Eudicot species available on Ensembl (Bolser et al., 2016) plants release 48 were

used to resolve the phylogenetic position of F. benghalensis and F. religiosa. The selected Eudicot species

were – A. chinensis, Arabidopsis halleri, Arabidopsis lyrata, Arabidopsis thaliana, Arabis alpina, B. vulgaris,

Brassica napus, Brassica oleracea, Brassica rapa, Camelina sativa, C. sativa female, Capsicum annuum, Cit-

rullus lanatus,Citrus clementina,C. canephora,Corchorus capsularis,Cucumis melo,Cucumis sativus,Cyn-

ara cardunculus, Daucus carota, Glycine max, Gossypium raimondii, Helianthus annuus, Ipomoea triloba,

Lupinus angustifolius, M. domestica Golden, Manihot esculenta, Medicago truncatula, Nicotiana attenu-

ata,O. europaea var. sylvestris, Phaseolus vulgaris, P. vera, P. trichocarpa, P. avium, Prunus persica, Prunus

dulcis, R. chinensis, Solanum lycopersicum, Solanum tuberosum, Theobroma cacao Belizian Criollo B97-

61/B2, T. cacao Matina 1–6, Trifolium pratense, Vigna angularis, Vigna radiata, and V. vinifera. Along

with these species, data from other available Ficus species - F. hispida (Zhang et al., 2020),

F. microcarpa (Zhang et al., 2020), F. carica (Mori et al., 2017), and F. erecta (Shirasawa et al., 2020) were

also used for phylogenetic analysis. Z. mays, which is a monocot plant, was used as an outgroup species,

and protein sequences of Z. mays were also obtained from Ensembl plants release 48.

Proteome files of all species were used to extract the longest isoform for each protein. The resultant protein

sequences were used to construct the orthologous gene sets using OrthoFinder v2.4.1 (Emms and Kelly,

2019). From these orthogroups, the fuzzy one-to-one orthogroups that contained proteins from all 52 spe-

cies were extracted using KinFin v1.0 (Laetsch and Blaxter, 2017). For further analysis, these fuzzy one-to-

one orthologous gene sets were processed to extract and consider only the longest protein sequence for

each species. Each of these orthogroups was individually aligned usingMAFFT v7.467 (Katoh and Standley,

2013). Thesemultiple sequence alignments were filtered to remove the empty sites and were concatenated

using BeforePhylo v0.9.0 (https://github.com/qiyunzhu/BeforePhylo). RAxML v8.2.12 (Stamatakis, 2014),

which uses rapid hill climbing algorithm, was utilized to construct the maximum likelihood-based species

phylogenetic tree with the concatenated protein sequence alignment. ‘PROTGAMMAAUTO’ amino acid

substitution model, and a bootstrap value of 100 were used for phylogenetic tree construction.

Evolution of gene families

CAFÉ v4.2.1 (De Bie et al., 2006) was used to estimate the evolution of gene families across the above

selected 52 species (Z. mays as an outgroup species) using the proteome files containing the longest iso-

form for each protein, and the species phylogenetic tree generated in the previous step. Prior to the anal-

ysis, the species phylogenetic tree (with Z. mays as an outgroup species) was converted to ultrametric tree

based on the calibration point of 120 million years between F. benghalensis and B. vulgaris obtained from

TimeTree database v5.0 (Hedges et al., 2006). All-versus-All BLASTP search for the protein sequences of all
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52 species was performed, which was followed by clustering using MCL v14.137 (Van Dongen and Abreu-

Goodger, 2012), and removal of gene families that contained genes in <2 species of the specified clades

and R100 gene copies for at least one species. These filtered gene families, and the ultrametric species

tree were utilized to analyze the expansion or contraction of gene families using two-lambda (l) model,

where l is a random birth-death parameter. In this analysis, the species from Rosales order were given

the same l-value, while the other species were given another l-value. The considerably expanded (with

R10 expanded genes) and contracted (with R10 contracted genes) gene families for F. benghalensis

and F. religiosa were extracted and compared.

Further, gene family expansion/contraction for the enzymes involved in mevalonate and shikimate pathways

that play important role in Ficus species (Zhang et al., 2020) was analyzed using CAFÉ results. EC numbers of

these enzymes were used to extract their sequence (specific to A. thaliana, a model Eudicot plant) from

Swiss-Prot database (Bairoch and Apweiler, 2000), and the sequences were queried against the proteome of

F. benghalensis and F. religiosa using BLASTP (e-value of 10�5) to identify the enzymes in these two Ficus spe-

cies. Gene families of these enzymes were identified fromCAFÉ results, and the expansion/contraction of these

families was identified in two Ficus species compared to their immediate ancestor phylogenetic node.

Synteny analysis

Collinear blocks between F. benghalensis and F. religiosa species (inter-species), and intra-species

syntenic blocks for these two species were identified using the All-versus-All BLASTP (e-value of 10�5)

homology alignments of the respective protein sequences and the GFF annotations. Inter-species and

intra-species synteny analyses were performed using MCScanX (Wang et al., 2012), ten genes were

required to detect a collinear block (Bi et al., 2019). Also, the duplicated genes in each of the Ficus species

were detected and classified into various gene duplication categories (proximal, tandem, segmental, or

dispersed) using the same parameter.

Identification of evolutionary signatures

For identifying the genes with evolutionary signatures, all six Ficus species with available genomes from

Rosales plant order, and only the Eudicot species from other phylogenetically closer plant orders of these

Ficus species (one species from each order) were considered to avoid erroneous results and to analyze

adaptive evolution of these two Ficus species across dicot plant orders. The selected 14 Eudicot species

other than the six Ficus species were - A. thaliana (order Brassicales), A. chinensis (order Ericales), C. can-

ephora (order Gentianales), C. melo (order Cucurbitales), D. carota (order Apiales),G. max (order Fabales),

G. raimondii (order Malvales), H. annuus (order Asterales), O. europaea var. sylvestris (order Lamiales), P.

vera (order Sapindales), P. trichocarpa (order Malpighiales), R. chinensis (order Rosales), S. tuberosum (or-

der Solanales), and V. vinifera (order Vitales). Proteome files of these 20 species were used to construct the

orthologous gene sets using OrthoFinder v2.4.1 (Emms and Kelly, 2019). Orthogroups containing protein

sequences from all 20 species were identified, and only the longest protein sequence for each species was

extracted from these orthogroups.

Genes with unique amino acid substitution

Each of the orthogroups across 20 species constructed in the previous step was aligned using MAFFT

v7.467 (Katoh and Standley, 2013). In the multiple sequence alignments, F. benghalensis genes showing

amino acid positions that were identical in other species but different in this species were considered as

genes with unique amino acid substitutions in F. benghalensis. Similarly, F. religiosa genes that showed

different amino acids in the sequence alignments compared to the other species were also considered

as the F. religiosa genes with unique substitutions. Any gap in these alignments and ten sites around

the gap were not considered in this analysis. The genes showing unique amino acid substitutions were ex-

tracted, and impact of these unique amino acid substitutions on the proteins function was predicted using

Sorting Intolerant From Tolerant (SIFT) (Ng and Henikoff, 2003) with UniProt reference database (Bateman

et al., 2015).

Genes with higher nucleotide divergence

The protein sequence alignments of the orthogroups across 20 species generated in the previous step

were used to construct individual maximum likelihood-based phylogenetic tree for each orthogroup using

RAxML v8.2.12 (Stamatakis, 2014) with ‘PROTGAMMAAUTO’ amino acid substitution model and 100
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bootstrap values. Root-to-tip branch length distances were estimated for genes from all selected species in

these phylogenetic trees using ‘‘adephylo’’ (Jombart and Dray, 2010) package in R. F. benghalensis and

F. religiosa specific genes with relatively higher branch length distance values compared to the other spe-

cies were extracted separately as the genes with higher rate of evolution.

Positively selected genes

The nucleotide sequences of all the orthologous gene sets constructed across 20 species were individually

aligned using MAFFT v7.467 (Katoh and Standley, 2013). Further, RAxML v8.2.12 (Stamatakis, 2014) was

used to construct the species phylogenetic tree for these selected 20 species in a similar way as mentioned

in the earlier steps (see Phylogenetic analysis step). This species phylogenetic tree and the nucleotide

alignments for the orthogroups in PHYLIP format were used to separately detect the F. benghalensis

and F. religiosa genes with positive selection using a branch-site model utilized by ‘‘codeml’’ program

available in PAML v4.9a (Yang, 2007). Likelihood-ratio tests were performed from the obtained log likeli-

hood values, and genes qualifying against the null model having FDR-corrected p values of <0.05 (obtained

from chi-square analysis) were termed positively selected genes. Additionally, Bayes Empirical Bayes (BEB)

analysis was carried out to identify the codon sites of F. benghalensis and F. religiosa genes that showed

positive selection with >95% probability for the foreground lineage.

The genes that showedmore than one of these abovementioned evolutionary signatures, namely - positive

selection, higher nucleotide divergence rate, and unique substitution with functional impact, were ex-

tracted and considered as the genes with multiple signatures of adaptive evolution (MSA genes) (Jaiswal

et al., 2018; Mittal et al., 2019).

The analysis to identify the MSA genes was also performed excluding the other four Ficus species

(F. hispida, F. microcarpa, F. carica and F. erecta), across 16 species, to compare the MSA genes with those

obtained including other short-lived and long-lived Ficus species.

Functional annotation

The complete high-confidence gene sets of F. benghalensis and F. religiosa were annotated against

NCBI Non-Redundant (nr) database using BLASTP (e-value of 10�5), Swiss-Prot (Bairoch and Apweiler,

2000) database using BLASTP (e-value of 10�5), and Pfam-A v32.0 (Bateman, 2004) database using

HMMER v3.3 (Finn et al., 2011) (e-value of 10�5). The species-specific gene sets with evolutionary signa-

tures were assigned to KEGG Orthology (KO) categories and KEGG pathways using KAAS v2.1 genome

annotation server (Moriya et al., 2007). These genes were also annotated to different COG categories

using eggNOG-mapper v2 (Huerta-Cepas et al., 2017). Gene Ontology (GO) categories were also as-

signed to these genes using the over-representation analysis in WebGeStalt web server (Liao et al.,

2019). Further, functional annotations of these gene sets were screened, and curated manually. The

MSA genes were also checked for protein-protein interaction data in STRING v11.0 database (Szklarczyk

et al., 2017) using information from previously reported studies, and the interacting genes were analyzed.

Enzymes involved in characteristic functional pathways were searched for their presence in the gene sets

showing evolutionary signatures, and in the expanded/contracted gene families.

Disease-resistance gene families

Gene structures for the notable disease-resistance gene families in the Ficus species (identified from CAFÉ

analysis) were constructed by mapping the longest coding gene of the corresponding gene families on the

final genome assemblies of the two Ficus species using Exonerate v2.2.0 (https://github.com/nathanweeks/

exonerate) with 90% match and 90% quality threshold. Protein domain searching in the corresponding

amino acid sequences was performed using Motif Scan (https://myhits.sib.swiss/cgi-bin/motif_scan).

Gene expression level (in terms of TPM value) of all the identified coding genes present in these respective

gene families was estimated by mapping the quality-filtered paired-end RNA-Seq reads generated in this

study on the coding gene sets of both the Ficus species using Kallisto v0.46.0 (Bray et al., 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests in the positive selection analysis were performed using PAML v4.9a (Yang, 2007). p values

mentioned in the Gene Ontology over-representation analysis were calculated using WebGeStalt web
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server (Liao et al., 2019). Gene expression values (in terms of TPM values) of the Ficus coding genes were

quantified using Kallisto v0.46.0 (Bray et al., 2016).

ADDITIONAL RESOURCES

This study does not report additional resources.
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