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Abstract

The genome assembly of allogamous perennial species can be very challenging
due to the high heterozygosity and repeat content they present. In fruit trees, many
important phenotypic traits of a specific genotype lie in its heterozigosity, maintained
by a widespread clonal propagation. The fig tree (Ficus carica L.) has a great potential
for expansion thanks to valuable nutritional and nutraceutical characteristics,
combined with the ability to adapt well to marginal soils and difficult environmental
conditions. However, the fig is still poorly characterized at genomic level, and only a
preliminary genome sequence (of the Japanese cultivar ‘Horaishi’) has been released.
Here we report a de novo high-quality assembly of the typical Italian fig cultivar
‘Dottato’ obtained by single-molecule, real-time sequencing (SMRT). PacBio reads
(with average length of 12,364 nt and corresponding to about 74 genome equivalents)
allowed us to obtain sequence contiguity and resolve the repetitive component of the
genome. The assembly, of approximately 333 Mb and N50 of 823 kb, was haplotype-
phased using FALCON-Unzip and it is composed by 905 sequences of which 407 were
arranged in 13 chromosome-related pseudomolecules. This new reference genome
improved the assembly N50 of the previous short-read based fig assembly of about 5-
fold. A curated genome annotation analysis resulted in the identification of 37,840
protein-coding genes and 1,685 non-coding genes. Furthermore, we found that the
amount of repetitive sequences accounted for the 37.39% of the assembly. The
production of a high-quality haplotype-phased reference genome sequence of fig offers
interesting insights into the genomics structure of this species, opening great
opportunities for speeding up the development of new cultivars and for the application
to this species of genome editing, a technology which seems especially suitable to
change the specific traits that are currently limiting the success of this ancient species.
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INTRODUCTION

Ficus is one of the 37 genera of the Moraceae family. Ficus carica L., or common fig, is the
most commercially important species of the genera, being widely grown throughout the
temperate world for its fruit. F carica is a highly heterozygous diploid species (2n=2x=26),
with a genome size of about 0.36 pg/2C (Mori et al., 2017).

In recent years, large interest arose on fig thanks to its valuable nutritional and
nutraceutical characteristics (Solomon et al.,, 2006; Veberic et al.,, 2008) and the ability to
adapt to marginal soils and difficult environmental conditions (Vangelisti et al., 2019). As a
matter of fact, the pharmaceutical industry is paying more attention to species like fig,
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considered a very important resource for medicine development (Cavero et al., 2013). Thus,
E carica has been included in occidental Pharmacopoeias and in therapeutic guides of
medicines (Barolo et al., 2014).

However, despite its economic, cultural and ecological importance, fig is still a poorly
characterized species at both genetic and genomic level. A high-quality reference genome
would provide an important resource for genetic improvement and breeding programmes, as
a source of information regarding genes involved in agronomic and productive traits, for
example the rapid perishability of fruits and biotic or abiotic stresses which is limiting fig
fruits world distribution and commercial success. To date, only a preliminary genome
sequence (of the Japanese cultivar ‘Horaishi’) has been released (Mori et al., 2017), produced
with short-read sequencing and so affected by the typical deficiencies of this technology.

Over the past years, the emergence of third generation technologies (Ansorge, 2009),
including single-molecule, real-time (SMRT) sequencing, has led to the production of high-
quality genome assemblies (Vogel et al., 2018; Ye et al., 2019). Long-read sequencing has
helped to overcome the problems of short-read sequencing, i.e., resolution of repetitive
sequences along the assembly (Veeckman et al., 2016) or the heterozygosity ambiguity (Low
et al,, 2019). Actually, resolving heterozygosity ambiguity by generating a haplotype-phased
reference genome is necessary for a proper comprehension of species biology but also to
manage genetic diversity (Meuwissen et al., 2013). In addition, collapsing different haplotypes
in genome assemblies can result in sequence errors due to differences between homologous
chromosomes (Korlach et al., 2017) and lead to gene annotation issues, as well as breaks in
the genome due to differences of the repeat content in intergenic regions between haplotypes.
In this work, we present a haplotype-phased reference genome of the most important Italian
fig cultivar, ‘Dottato’, providing a high-quality genomic resource for future genetic studies,
potentially useful for the breeding of this promising commercial crop.

MATERIALS AND METHODS

DNA extraction and genome sequencing

Young buds (0.5-1 cm in diameter) were collected from a single female plant of the
[talian E carica cultivar ‘Dottato’. Genomic DNA was isolated by using a standard protocol
(Mascagni et al., 2018). SMRT sequencing was performed on a Pacific Biosciences (PacBio)
Sequel system (V2 chemistry) at the Arizona Genomics Institute (Tucson, AZ, USA). A total of
6 SMRT cells were sequenced in accordance with the manufacturer protocols (Pacific
Biosciences).

Genome assembly and curation

The assembly of the PacBio reads was performed using FALCON-Unzip v0.5 (Chin et al,,
2016). We set up specific parameters by comparing different length_cutoff and seed_coverage
values. The assembly was scaffolded using FinisherSC v2.0 (Lam et al.,, 2015) and polished
using Arrow v2.2.2 (Chin et al,, 2013) and Pilon v1.13 (Walker et al., 2014). Pilon was run
using [llumina HiSeq 2000 paired-end reads (Solorzano Zambrano et al., 2017). After that,
MEGAN v6.5.8 (Huson et al,, 2007) was used to verify fungal and bacterial contamination.
BUSCO v3.0.2 (Simdo et al., 2015) was used to measure the gene completeness. To order and
orientate the contigs into the 13 chromosomes of fig we used the Illumina scaffolds of the E
carica ‘Horaishi’ assembly, ordered by SSRs and SNPs map (Mori et al., 2017).

Gene prediction and annotation

Structural prediction and annotation of protein-coding genes was carried out using
MAKER v2.31.10 (Holt and Yandell, 2011) and Blast2GO v5 (Conesa et al., 2005). First, Trinity
v2.5.1 (Grabherr etal.,, 2011) was run to obtain a de novo transcriptome of fig by using already
available RNA sequencing data (Vangelisti et al., 2019). AUGUSTUS v3.3.1 (Stanke et al., 2006)
was trained by using the transcriptome as evidence. The repeat-masked assembly was used
to train GeneMark-ES v4.32 (Ter-Hovhannisyan et al., 2008). The MAKER pipeline was run
integrating the trained AUGUSTUS and GeneMark-ES programs by using the transcriptome as
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evidence. Predicted genes were functionally annotated by using Blast2GO. The sequences
were first searched for homologous sequences by a BLASTP analysis against the whole NCBI
non-redundant (nr) database, then GO terms were obtained following the Blast2GO pipeline.
The sequences were also submitted to InterPro within Blast2GO (Jones et al.,, 2014) to
annotate with protein domain functional information, and classifying into families. Finally,
tRNAscan-SE v2.0 (Lowe and Chan, 2016) and RfamScan v1.1.2 (Kalvari et al., 2018) were run
to annotate the non-coding RNAs.

Repeats prediction and annotation

LTRharvest v1.5.10 (Ellinghaus et al., 2008) was run to identify LTR retroelements
ranging from 1.5 to 25 kbp. The identified sequences were firstly annotated using LTRdigest
v1.5.10 (Steinbiss et al.,, 2009). After that, LTR retroelements were submitted to the DANTE
tool (http://repeatexplorer.org) for further classification via a phylogenetic approach. The
Class I SINEs were identified using SINE_scan v1.1.1 (Mao and Wang, 2017). The Class II
MITEs were collected using MITE-Hunter v11-2011 (Han and Wessler, 2010). The Class II
Helitron elements were collected using HelitronScanner v1.0 (Xiong et al,, 2014). All the
libraries were used to mask the assembly using RepeatMasker v4.0.3 (Smit et al, 2015).
Missed elements were identified by using RepeatModeler v1.0.11 (Smit and Hubley, 2008) on
the masked assembly. The library obtained was used to mask the assembly again. Finally,
Phobos v3.3.12 (Mayer, 2010) was used to identify tandem repeats (-u 1 -U 500 --minScore
12 --mismatchScore -5 --indelScore -5 -M imperfect -r 5).

Centromeric analysis

Putative centromeric regions were identified by searching for the characteristic
repetitions tandemly arranged of these regions. Tandem repeats with a monomer unit length
ranging between 80 and 350 bp were considered. The most abundant tandem repeats were
used to mask the 13 pseudomolecules by using RepeatMasker. Only the tandem repeat
occurring in each pseudomolecule was retained. The regions highly masked by that tandem
repeat were considered as putative centromeric regions and were masked with a library of
LTR Chromovirus elements previously identified to obtain the profile of their abundance in
these regions.

RESULTS AND DISCUSSION

The availability of a high-quality reference genome is a prerequisite to accelerate
innovation via breeding. With the introduction of high-throughput sequencing technologies,
the number of genome sequencing projects has increased, leading to genome assemblies for
organisms previously considered too low priority. For instance, high-quality genome
assemblies were released for Potentilla micrantha (Buti et al., 2018), Cuscuta campestris
(Vogel et al,, 2018) and Casuarina equisetifolia (Ye et al., 2019).

The sequencing process generated 2,140,959 long-reads (minimum length = 1,000 bp;
maximum length = 111,426 bp; average length = 12,364 bp) with an N50 value of 18,419 bp,
corresponding to about 74-fold genome coverage of the 356-Mb fig haploid genome (Mori et
al,, 2017).

Despite fig has a predicted small genome size (Mori et al., 2017), its high heterozygosity
represents a substantial challenge. The number of diploid (haplotype-phased) reference
genomes have begun to increase due to leveraging the potential of third generation long-reads
which can be used to generate contigs with enough sensitivity to define the alternative
haplotypes, as shown for Durio zibethinus (Teh et al., 2017), Scutellaria baicalensis (Zhao et
al,, 2018) and Prunus x yedoensis (Shirasawa et al., 2019).

The FALCON-Unzip assembler produced a primary set of contigs and a set of linked
haplotigs that represent alternative genome structures of the primary contigs (i.e., SNPs and
structural variations). Only the primary assembly was considered in this work.

Overall, the assembly process produced 905 contigs with mean size of 368,398 bp (min
size = 20,012 bp, max size = 5,010,936 bp) and N50 of 823,517 bp. We produced a total of
333,400,567 bp of the fig genome sequence, corresponding to about 95% of the estimated
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size. A total of 407 contigs, corresponding to the 80% of the total assembly (266,522,563 bp),
were associated to fig chromosomes, producing a set of 13 pseudomolecules.

After excluding fungal and bacterial contamination, BUSCO recovered 1,283 of the 1,375
(93.3%) highly conserved Embryophyta core genes, of which 1,177 (85.6%) were complete
and single-copy and 106 (7.7%) were complete and duplicated. Thirty-five genes (2.5%)
resulted fragmented and 57 (4.2%) missing.

In total, we identified 37,840 protein-coding genes, which represent 27.91% of the total
genome assembly, and 1,685 non-protein-coding genes, representing the 0.15%, respectively
(Figure 1).

——
LTR Retrotransposons 28.3%

Non-LTR Retrotransposons 0.26%

/
Protein—coding genes 27.91%

rRNAs 0.11%

DNA Transposons 5.01% tRNAs 0.01%
Tandem repeats 3.82% ncRNAs 0.03%
/ \

Unknown
34.55%

Figure 1. Pie chart showing the percentage of genes (i.e., protein-coding genes, rRNAs, tRNA
and ncRNAs) (left), repeats (i.e., LTR retrotransposons, non-LTR retrotransposons,
DNA transposons and tandem repeats) (right) and unknown sequences.

These data are similar to those reported by Usai et al. (2017). Gene average length was
2,460 bp and CDS average length was 956 bp. The average exon number per gene was 4.56,
with an average length of 251 bp, while intron average length was 367 bp. Functional
annotation showed that 28,737 of the predicted protein-coding genes (76% of the total) had
a BLAST hit (e-value <0.001) in NCBI nr.

The number of protein-coding genes and their gene ontology (GO) annotation is shown
in Figure 2, categorized by the three ontologies cellular component, molecular function and
biological process.

Comparing our results to the previous fig genome draft (Mori et al., 2017), it is evident
that the use of long-read sequencing and high depth coverage produced a genome of high
sequence contiguity and accuracy (Table 1).

Furthermore, a full characterization of the repetitive component is a crucial step to
decipher the genome structure and, by using PacBio long-reads we were able to significantly
increase TE detection across the assembly. We identified a total of 123.8 Mb of repeat
sequences, representing 37.39% of the genome assembly (Figure 1). Transposable elements
(TEs) represent the most abundant repeats, covering the 33.57% of the assembly, while
tandem repeats represent the 3.82%. The most abundant TEs are retrotransposons or Class |
elements, representing 84.95% of the repetitive content and 28.3% of genome assembly. In
particular, long-terminal repeat retrotransposons (LTR-REs) are the most represented,
accounting for 99.06% of this class and 28.03% of the total genome assembly, whereas non-
LTR retrotransposons (LINEs and SINEs) account for 0.94% of Class I. Among the LTR-REs,
Gypsy and Copia are the most abundant superfamilies, representing 16.36 and 8.74% of the
genome assembly, respectively. DNA transposons or Class Il elements represent 15.05% of the
repetitive content and 5.01% of the genome assembly.

Another goal in using long-read sequencing was to characterize the centromeric
regions, which remain largely unknown in short-read assemblies, being difficult to assemble
due to the highly repetitive composition. Exploiting the contiguity of the 13 pseudomolecules
produced, we identified 13 putative centromeric regions and provided one of the first
evaluations into the structure of these chromosomal regions.

24



uonesayoud |20

uonejuawbig

uocisaype _Nu_mo_o_m

Bunpf 190

ssasoud oiwiyiAyy

uonez|n uogqien

uonoOWoo07

Uimolsy

uonesyixoyaq

ssaoo0.d walshs sunww)|

siseuabolq Jo uonezjiuebilo Jusuodwod Jenjen
Buyjeubis

ssaooud |eaibojolq jo uonenbas aaneban
uolonpolday

sseoold |ewsiuebio Jenj@aniniy
sseooud |ejuswdo|assg

ssaooid aanjonpoidey

ssaooud wsiuebio-1ynpy

ssaooud Je|n|8D

sseooud |e01bojo|q Jo uope|nBal aasod
sninwns 0} asuodsay

ssaooud Dijogela

ssaooud |eoibojoig Jo uonenbay
uoje|nBal jeoibojolg
uolEZI|EDOT]

25

70
27,995
247,090,738
1,764,766
479
2,081 (7.4%)
671 (2.4%)
8 (0.0%)
8,826
893
166,092
374
14.72
905

Biological process
Horaishi (Mori et al., 2017)

Bey uisold

Ananoe JojeinbBal uone|sues|
Bulpuig uisjoud ssejo-dgl

Ananoe soydeossl obien

Buipuiq xa|dwoo || aselawijod YN
Buipuiq Jojoey uonduosuel |

Ananoe juepixonuy

Bupuiqg 10108} Uonduosuel) || aselswAi|od YNX
Aanoeiojginbay jeuonduosuel]
ANAIOE JIOAIOSSS JUBLINK

Alaljoe anosjow |BiNjoNyS

Ajanoe 12onpsuel) Jenaajo
Aanjoe Jauieos dejnosjow

Buipuig
Joje|nBa) uonouny Je|Nos|owW
fyanoe jepodsues)

14,000
12,000
10,000

Annioe onfjejeD

Dottato
95
905
333,400,567
5,010,936
20,012
905 (100%)
368,398
167,241
121
0.00
93.3

81 (9.0%)
823,517

595 (65.7%)

Molecular function

Hed uous,

uouIA

piaionn

1seidwisg

uonoun( 120

ved uoibal Je|njj@oenx3
uoibal Jen)soenx3

uawin| pasoous-aueiquiay
xa|dwoo jenosjoweldnsg
xa|dwoo Bujueuos-uleold
aueIgUIBY

Hed aueiquiapy

ajleuebiQ

E——— ed ajjauebio

wed |20

=29

Cellular component

(i.e., cellular component, molecular function and biological process).

8,000
6,000
4,000
2,000

0

sauab Jo Jaqunp

Number of sequences >100 kbp (N°)
Number of sequences >1 Mb (N°)

Number of sequences >10 kbp (N°)
Mean sequence size (bp)

Total size of the assembly (bp)

Longest sequence (bp)

Genome representation (%)
Shortest sequence (bp)

Number of sequences (N°)
Median sequence size (bp)
N50 sequence length (bp)
L50 sequence length (N°)
N sequence content (%)

Figure 2. Distribution of GO terms including the number of genes attributed to the GO terms
BUSCO assessment (%)

Table 1. Comparison between the ‘Dottato’ and ‘Horaishi’ assemblies.



In fact, a site containing highly-repetitive 103 bp-long tandem repeats was identified
once for each pseudomolecule and considered as the putative centromeric repeat. This
observation was further supported by the high abundance of Chromovirus elements, which
are typically found in the centromeric structures (Neumann et al, 2011), in the above-
mentioned sites. We isolated a total of 42 centromeric contigs, representing the 13 putative
centromere regions of fig. Each region was represented by an average number of 3.23 contigs
and had an average length size of 2.86 Mb.

CONCLUSIONS

The production of a high-quality reference genome sequence for Ficus carica L. presents
interesting insights into the genomic structure of a highly heterozygous plant diploid species.
Further analysis will be conducted in order to define the sequence of the alternative haplotype
and to characterize its heterozygosity at sequence and methylation levels, investigating the
effects of allelic changes on gene expression. In addition, both heterozygosity and
homozygosity identification in offspring can shorten breeding programs for desirable and
commercially known traits.
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