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Abstract: In the post-genomic era, data management and development of bioinformatic tools are criti-
cal for the adequate exploitation of genomics data. In this review, we address the actual situation for
the subset of crops represented by the perennial fruit species. The agronomical singularity of these

ARTICLE HISTORY

Received: December 10, 2021
Revised: March 12, 2022
Accepted: March 12, 2022

species compared to plant and crop model species provides significant challenges on the implementa-
tion of good practices generally not addressed in other species. Studies are usually performed over
several years in non-controlled environments, usage of rootstock is common, and breeders heavily rely
on vegetative propagation. A reference genome is now available for all the major species as well as

many members of the economically important genera for breeding purposes. Development of pange-
DOr: nome for these species is beginning to gain momentum which will require a substantial effort in term
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will also be presented.

of bioinformatic tool development. The available tools for genome annotation and functional analysis
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1. INTRODUCTION

Agriculture research on perennial species faces common
challenges in improving breeding strategies and cultural
practices. To resolve them, genomic strategies have been
developed. They are time- and funding-consuming, there-
fore, there is interest in comparing/extrapolating results and
implementing common strategies and bioinformatics tools.
Unlike annual plants, perennials have had to develop mech-
anisms to adapt their vegetative growth to environmental
conditions during a reproductive cycle that will occur sever-
al times over their lifespan, such as bud dormancy to over-
winter or vernalization at the arrival of spring [1, 2]. They
must show some level of adaptability to the evolution of
their environment in the longer term, such as temperature
variation or water availability over various years. In addi-
tion, these species have some peculiarities, compared to
annual plants, like presenting a high level of heterozygosity,
a long juvenile phase, and a vegetative propagation. There-
fore, these characteristics greatly impact the way of doing
research, mainly due to their long life cycle, as well as the
fact that the studies are commonly carried out in the field,
that usually is a non-controlled environment. In the era of
data science, these particularities have important conse-
quences on data management. Samples should be described
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to meet the FAIR principles [3] and also taking into consid-
eration specific metadata such as the correct description of
the genotype, environmental conditions, plant stage, geno-
type, etc. [4].

Research communities must generate and integrate het-
erogencous datasets (genomics, epigenomics, transcriptom-
ics, proteomics, metabolomics and botanical ampelography)
describing genotypes, phenotypes and the environment. In-
tegrating these multi-omics datasets will reduce the gap be-
tween data generation and the ability to analyze and under-
stand the biological mechanisms underlying plant responses
to the environment. It could therefore reduce the breeding
cycles to produce new cultivars. This is achieved by apply-
ing high-throughput experimental techniques that generate
large datasets (omics technologies and multiplex sam-
pling/imaging). The resulting data of the actual scientific
production are dispersed and difficult to access, hindering
exploitation beyond their initial purpose. International gene
data repositories do not store functional data (e.g., regulato-
ry and metabolic networks), detailed plant materials or non-
molecular phenotypes. Such data for non-model species
might be stored in regional or local databases but are often
not easily accessible to the wider research community.

Research communities involved in fruit tree species and
assimilated perennial plants (vines, shrubs or some herba-
ceous species such as pineapple or strawberry) are generally
small, implementing resources and assuring their long-term
sustainability and update can be complicated. It is advanta-
geous to mutualize these resources because these species
share many similarities, both in terms of biology and re-
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search priorities. In all of these species, the partthat is con-
sumed is the fruit. Whether a species produce a fleshy fruit
or a dry fruit, the primary focus of the breeding programs is
its improvement. The following fruit tree characteristics can
be improved in any fruit: fruit quality, fruit maturity time,
disease resistance, abiotic stress tolerance, productivity, and
the sustainability of cultural practices. This improvement
can be carried out using the strategy that is best for each of
them.

The second common feature among these species is that
they are perennial plants, so the fruit can be produced only
when they are old. This significantly impacts breeding and
research strategies, necessitating long term planning. The
majority of them are ligneous, although some, like the bana-
na, which is a perennial herbaceous plant sometimes mis-
taken for a tree [5], are not actually trees. Many (and poten-
tially all) of these crops are grown on rootstocks, which con-
fer many advantages since the root part can be bred for vig-
or-conferring or root disease resistance while the aerial part
can be bred for fruit properties, aerial part disease resistance
or tree architecture [6]. Again, in terms of data management,
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they are the only cultivated organisms composed of two
different genomes, each targeted at improving complemen-
tary but unrelated traits.

2. SCOPE OF SCIENTIFIC DATA PRODUCTION IN
PERENNIAL FRUIT SPECIES

The initial step is to establish the resources available for
each perennial fruit species. The number of articles pub-
lished for a given species was identified in the Pubmed da-
tabase. It is a good estimation of the scientific production of
the research community working on this species and, indi-
rectly, the size of the available resources and the needs of
data analysis tools. Economic importance is not correlated
to these data because other aspects such as the status of
model species and biological advantages of studying a given
species (short reproductive cycle, small genome) must also
be taken into account. Looking at the research articles avail-
able in Pubmed, the major species in terms of publication is
by far the grapevine with 18% of the data (Fig. 1). Other
major species include the three Rosaceae members: apple,
peach and pear trees and the sweet orange tree, with each of
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Fig. (1). Percentage of research articles per perennial fruit species. Data fetched August 2021. (4 higher resolution / colour version of this

figure is available in the electronic copy of the article).
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them accounting for 6% and 5% of the data. Another criteri-
on is the number of available Biosamples for a given spe-
cies. The BioSample captures the descriptive information or
metadata attached to a biological material for which se-
quence data (from genome or transcriptome) [7] are stored
in the INSDC databases [8]. They are also reciprocally
linked to the BioProjects, the whole set of BioSamples par-
ticipating in a single initiative. The number of BioSamples
deposited in the INSDC database for each species represents
the amount of sequencing data produced for a species and,
therefore, the activities in terms of data release. These num-
bers increased more rapidly than the number of Pubmed
articles (Supplementary Material 1), but at the date the data
were retrieved (August 2021), they were very similar for
many perennial fruit species, hence, there are as many Bi-
oSamples as Pubmed papers. The number of BioProjects
(Supplementary Material 2) by species reveals that the spe-
cies with the largest number of publications (grapevine, ap-
ple, peach, and pear) have proportionally more data per arti-
cle than the others. This observation might be explained by
the fact that there are more obstacles to perform genomic
studies in minor species and to release the data in public
databases with the proper metadata to link the samples to a
particular species. These distinctions are made clear by the
BioSample graph, which shows that the major species
(grapevine, apple, and peach) have more BioSamples per
project than the others, indicating that there are more oppor-
tunities to conduct larger sequencing studies in those species
(large-scale genotypes sequencing or larger transcriptomic
experiments).

Comparison of the production with model species gives
another indicator of data structure and how perennial fruit
research compares to other research communities. In Table 1,
all perennial fruit species have been grouped together. The
total number of articles is relatively similar to those in mod-
el crop species (rice and maize) or humans and lower than in
Arabidopsis, though falling within the same range. Howev-
er, sequencing data production or deposition in the public
database is less than half in perennial fruit species than in
those other species.

These observations highlight lower dynamism in the
production of data or difficulties to properly release the data
in public databases. Similar conclusions are reached when
comparisons are made within the perennial fruit species:
more genomic data are proportionally produced in species
with economical/biological interest compared to the size of
its research community. However, on average, there are
fewer BioSamples per BioProject in the fruits than in other
plants. Individually, the research and data production for
each species might remain relatively small but the sum of
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the perennial fruit species-related research articles is only
half of what has been performed, for instance, in Arabidop-
sis. These findings demonstrate the possibility of develop-
ing popular, long-lasting bioinformatic tools that have a
similar impact to those developed for particular model spe-
cies.

According to economic, physiological, and genetic char-
acteristics as well as how bioinformatic technologies are
used, five types of perennial fruit species can be distin-
guished. The tropical fruits are produced by trees or peren-
nial herbaceous plants in tropical climate lands. They grow
in wet and hot habitats with a relatively constant daylight
time throughout the year. As a major feature, they do not
have any phylogenetic relation, unlike the other groups (Fig.
2). Three groups comprise species phylogenetically related
(Fig. 2), the genius Rosaceae and the genera Vitis and Cit-
rus. A set of other species exist that cannot be classified in
any of these groups (kiwi, olive tree, date, other berries and
many nuts). The Rosaceae group exhibits the highest
productivity overall, accounting for a third of the Pubmed
papers and BioProjects, and half of the deposited data (Bi-
oSamples). The tropical fruits are the second biggest group
in terms of Pubmed articles though there is more Vitis ge-
nomic data in the public databases.

3. REFERENCE GENOMES

Reference genomes are tools that have been developed
since the beginning of genome sequencing. For perennial
fruit species, they are generally built from representative
individuals within a species; it can either be a commercially
important cultivar or an individual that provides a signifi-
cant advantage for performing the genome assembly (for
example, a near homozygous grapevine individual was cho-
sen by the consortium responsible for the sequencing project

(9D

Due to the widespread democratization of genome se-
quencing and assembly tools, as well as the development of
pangenome and consensus genome building technologies,
there has been discussion in recent years about the possi-
ble replacement of a single reference genome for those of the
entire species [10]. They are still very useful, in particular for
the species with a small or average size of research communi-
ty. The reference genomes are used for several tasks: they
provide an easy and cheap way to match sequences of a ge-
nome population with short reads and allow genome compari-
sons, polymorphism detection, such as GBS (Genotyping by
Sequencing), or GWAS (Genome-Wide Association Study)
analysis. Commercial genotyping arrays are also built from
the reference genomes and molecular markers are also identi-
fied from them. They enable the specification of the species'

Table 1. Scientific and genomic production of perennial fruits compared to major model species.

- Perenial Fruits Arabidopsis Homo sapiens Rice Maize

PubMed Central 61,100 109,822 44,318 29,854 25,239
Bio Project 2,482 6,873 73,559 6,387 4,831

Bio Sample 47,251 125,842 6,318,974 96,672 75,649
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Fig. (2). Phylogenetic tree of perennial fruit species. Tree was built using the NCBI taxa tool and NCBI treeview. (4 higher resolution / col-
our version of this figure is available in the electronic copy of the article).

gene annotation standards, and it is then also possible to man-
ually curate the gene annotation. Quantitative data such as
those from transcriptomic analyses are also generally mapped
on these reference genomes.

The genomes of 53 perennial fruit species have been
sequenced and are available in the genome section of the
NCBI database (Table 2). There are still a few fruit tree spe-
cies to sequence amongst the fruits present in the FAO stats
database (http://www.fao.org/faostat); the cashew (4nacar-
dium occidentale 1L.) is the major species yet to be se-
quenced, the other ones are the areca (Areca catechu L.), all
the currants (Ribes sp.), the kapok [Ceiba pentandra (L.)
Gaertn], the nutmeg (Myristica fragrans Houtt.), the Brazil
nut (Bertholletia excelsa Humb. & Bonpl.), and the carob
(Ceratonia siligua L.). However, the FAO stats database
only gives a partial view of the potential perennial fruit spe-
cies that could be sequenced since there are many other lo-
cal species of insignificant economic importance but with
breeding potential for relevant traits. For 22 species, a ge-
nome was integrated into the RefSeq genome database,
which also implies that a gene annotation was performed by
the NCBI team using the NCBI Eukaryotic Genome Anno-

tation Pipeline. For the remaining species, except for the
raspberry, a representative genome assembly has been
flagged by NCBI, but they have not been attributed a Refseq
genome assembly ID and its corresponding annotation.
There are three levels of quality for assembly, the chromo-
some, the scaffold, and the contig level. Only genomes as-
sembled at the chromosome and scaffold level can be in-
cluded in the RefSeq database. With the incorporation of
newer and better-quality genomes, the representative ge-
nome for a species can be updated or changed based on
quality data such as the scaffold N50 or a lower number of
scaffolds. In the present state of the database, for some spe-
cies, the current representative genome is assembled at the
contig level while a recent assembly has been submitted to
the database, which will modify the reference genome ulti-
mately. While a genome assembled at the chromosome level
was submitted in 2021 [11] and used here for comparison
because the scaffolds number and N50 were available, the
representative genome for apricot is assembled at the contig
level (Table 2). For seven species, only assembly at the
contig level is available and there is no assembly at all for
raspberry, for which only raw reads were deposited.
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Table 2. Genomes available in perennial fruit species and sequencing data quality.
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Species Common Total Number of| Scaffold N50| Scaffold | Number of Date | Assembly| Genome | Reference
Name Ungapped | Scaffolds L50 Chromosomes| Level Coverage
Length
Non-group species
Actinidia Golden 6.54E+08 2366 1433402 130 29 14-11-19 Chr 63x [13]
chinensis kiwifruit
Planch.
Morus notabilis Mulberry 3.04E+08 31301 405448 232 0 07-08-13 Sca 236x [14]
C.K. Schneid.
Olea europaea Olive 1.03E+09 41226 12567911 23 24 03-11-17 Chr 220x [15]
L.
Phoenix dac- Date 7.73E+08 2391 4728343 19 20 04-11-19 Chr 100x [16]
tylifera L.
Vaccinium myr- Bilberry 5.23E+08 1418 37643989 7 12 23-02-21 Chr 100x [17]
tillus L.
Vaccinium mac- Cranberry 4.15E+08 200203 4291 28049 2 04-09-14 Sca 20x [18]
rocarpon Aiton
Vaccinium co- Blueberry 2.86E+08 13757 145010 760 1 09-09-20 Sca 40x [19]
rymbosum L.
Juglans regia L. Walnut 5.72E+08 24757 37114715 7 17 08-07-20 Chr 155x [20]
Corylus avellanal Hazelnut 3.68E+08 11 36653616 5 11 25-11-20 Chr 117x [21]
L.
Pistacia vera L. Pistachio 6.7E+08 1865 948305 218 1 23-09-19 Sca 374x [22]
Diospyros lotus | Persimmon 6.3E+08 42 42671757 7 15 21-09-20 Chr 167x [23]
L.
Ficus carica L. Figs 3.33E+08 511 19846527 7 13 18-12-19 Chr 74x [24]
Ficus erecta Japanese fig 5.96E+08 NA NA NA NA 18-09-19 Con 62x [25]
Thunb.
Cydonia oblon- Quinces 4.88E+08 NA NA NA NA 01-12-20 Con 108x [26]
ga Mill.
Tropical fruits
Colffea arabica | Arabian coffee | 1.09E+09 2833 42465768 11 23 08-11-18 Chr 160x none
L.
Ananas comosus Pineapple 3.75E+08 3129 11759267 13 26 14-03-16 Chr 400x [27]
L. Merr
Carica papaya Papaya 2.72E+08 17766 1089885 91 11 06-05-08 Sca NA [28]
L.
Cocos nucifera Coconut 2.1E+09 7998 570487 771 0 10-06-19 Sca 50x [12]
L.
Musa acuminata Banana 3.9E+08 7512 1311088 65 11 14-11-12 Chr 20x [29]
Colla
Musa balbisiana Plantain 4.91E+08 2590 41415055 6 11 09-07-19 Chr 113x [30]
Colla
Musa itinerans | Yunnan banana | 4.15E+08 28415 195772 555 0 21-05-16 Sca 92x [31]
Chessman

(Table 2) contd....
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Species Common Total Number of| Scaffold N50| Scaffold | Number of Date | Assembly| Genome | Reference
Name Ungapped | Scaffolds L50 Chromosomes| Level Coverage
Length
Tropical fruits
Punica gran- Pomegranate 3.2E+08 474 39957110 4 9 22-10-19 Chr 60x [32]
atum L.
Theobroma Cacao 3.06E+08 431 36364294 5 11 09-07-16 Chr 16.5x [33]
cacao L.
Persea america- Avocado 7.49E+08 NA NA NA NA 19-05-21 Con 48x [34]
na Mill.
Mangifera indi- Mango 3.93E+08 252 17652500 10 22 10-03-20 chr 240x [35]
cal.
Citrus
Citrus clementi-| Clementine 2.95E+08 1398 31410901 4 0 08-11-13 Sca 7x [36]
na Hort. Ex.
Tanaka
Citrus sinensis | Sweet orange | 3.01E+08 4995 1778813 51 10 12-12-12 chr 214x [37]
(L.) Osbeck
Citrus maxima Pummelo 3.45E+08 1612 4210623 27 9 07-03-17 Chr 426x [38]
Merr.
Citrus trifoliata | Trifoliate or- 3.03E+08 707 1174493 64 9 13-05-21 Chr 91x [39]
L. ange
Citrus reticulata Mandarin 3.36E+08 67725 1288159 67 NA 20-06-18 Sca 200x [40]
Blanco
Citrus medica L. Citron 3.7E+08 32732 369527 304 NA 24-01-18 Sca 171x [38]
Citrus unshiu Satsuma 3.31E+08 20876 386404 203 NA 21-12-17 Sca 144x [41]
Yu. Tanaka ex
Swingle
Citrus hindsii Hong Kong 3.73E+08 NA NA NA NA 22-04-19 Con 145x [42]
(Champ. ex kumquat
Benth.) Govaerts
Citrus cavaleriei| Ichang papeda | 3.35E+08 14916 501435 193 NA 24-01-18 Sca 164x [38]
H. Lév.
Citrus x paradisi|  Citrumelo 2.66E+08 NA NA NA NA 03-01-17 Con 24x [43]
Macfad.
Rosaceae
Fragaria x ana-|  Strawberry 8.06E+08 204 27686486 13 28 24-06-21 Chr 77x [44]
nassa Duchesne
Fragaria vesca | Wild strawberry| 2.02E+08 3048 27879571 4 8 24-02-11 Chr 49x [45]
L.
Rubus occiden- | Black raspberry| 2.91E+08 NA NA NA 7 19-01-18 raw read submitted [46]
talis L.
Malus domestica Apple 6.26E+08 807 37631755 9 18 28-04-17 Chr 700x [47]
Borkh.
Pyrus x Pear 4.98E+08 2182 535028 271 NA 03-12-12 Sca 8x [48]
bretschneideri
Rehder

(Table 2) contd....
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Species Common Total Number of| Scaffold N50| Scaffold | Number of Date | Assembly| Genome | Reference
Name Ungapped | Scaffolds L50 Chromosomes Level Coverage
Length
Rosaceae
Prunus armeni- Apricot 2.49E+08 103 30876794 4 8 05-10-21 Chr 470x [11]
aca L.
Prunus avium L.| Sweet cherry | 2.47E+08 10148 219566 316 NA 12-06-17 Chr 327x [49]
Prunus dulcis Almond 2.24E+08 692 24375383 4 9 10-10-19 Chr 800x [50]
(Mill.) D.A.
Webb
Prunus mume | Japanese apricot| 2.17E+08 8626 636887 106 9 28-02-14 Chr 180x [51]
(Siebold)
Siebold & Zucc.
Prunus persica Peach 2.25E+08 192 27368013 4 9 02-02-17 Chr 9x [52]
(L.) Batsch
Prunus salicina | Japanese plum | 2.84E+08 110 30743302 4 8 05-10-21 Chr 480x [11]
Lindl
Prunus fruticosa| European dwarf| 3.75E+08 57 43818497 4 8 03-06-21 Chr 97x preprint
Pall. cherry
Prunus yedoen- | Yoshino cherry | 6.9E+08 NA NA NA 18-03-19 Con 54x [53]
sis Matsum.
Prunus davidi- | David's peach | 2.43E+08 127 28110464 4 8 05-10-21 Chr 390x [11]
ana Carr.
Prunus mira | Tibetan peach | 2.39E+08 49 239877647 4 8 05-10-21 Chr 520x [11]
Koehne
Pyrus pyrifolia | Japanese pear | 5.04E+08 NA NA NA NA 23-12-20 Con 136x [54]
(Burm.) Nak.
Vitis
Vitis riparia | Riverbank grape| 4.94E+08 175 23918791 9 20 16-04-19 Chr 335x [55]
Michx.
Vitis vinifera L. Grapevine 4.71E+08 2061 3426264 42 21 07-12-09 Chr 12X [9]

NA: not available. Chr: chromosome. Sca: scaffold. Con: contig

The largest fruit tree genome is by far the one from the
coconut tree, with 2.1 Gbp. As reported by some authors, its
greater size could be explained by at least three rounds of
duplications of the entire genomes [12]. The genomes of
olive and coffee trees also exceed the size of 1 Gbp, but for
the vast majority (39/53) of perennial fruit species, genomes
are between 200 and 500 Mbp.

The size of the genome and number of predicted tran-
scripts or coding sequences (CDS) do not show any corre-
spondence when comparing a wide range of different organ-
isms [56]. Here, when comparing perennial fruit species, CDS
numbers are relatively similar between species as observed
for the genome size (Table 3). Out of the fifty-two species,
forty-four have between 20,000 and 50,000 transcripts (it was
not possible to retrieve the number of transcripts for Citru-
melo). The density of CDS per Mbp is between 50 and 150
for almost all of them, except for the coconut tree, with a low
density (16 transcripts per Mbp), and strawberry (180 tran-
scripts per Mbp) and blueberry (246 transcripts per Mbp),

with high density. The average density is 99 + 41 transcripts
per Mbp. These numbers are generally relatively similar; the
species with the largest size comprise the higher number of
predicted transcripts, except for the coconut tree, which com-
prises a medium number of proteins. However, gene predic-
tion methods are highly different between projects and only
the predictions with the same pipeline can be compared, such
as the RefSeq predictions [57].

These high similarities between genomes, genome com-
positions, and research priorities lines highlight the useful-
ness of sharing experiences, tools, and strategies among
these species. Additionally, the research communities are
relatively small, which makes it more difficult to leverage
resources individually.

4. GENOME REPOSITORY AND DATABASES

Even if the data are deposited in public databases, the
genomes are also available in community-specific data-
bases, which allow the development of specific structural or
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Table 3. Genome accession, references, and number of CDS of perennial fruit species.
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Species Infraspecific Name BioProject Assembly Number of CDS
Actinidia chinensis Hongyang PRINA549770 GCA_009663005.1 40,464*
Morus notabilis Unknown PRINA202089 GCF_000414095.1 27,648
Olea europaea Var. silvestris PRINA350614 GCF_002742605.1 58,334
Phoenix dactylifera Barhee BC4 PRINA322046 GCF_009389715.1 48,801
Vaccinium myrtillus NK2018 PRINAG672146 GCA_016920895 36,404*
Vaccinium macrocarpon Ben Lear PRINA245813 GCA_000775335 36,364*
Vaccinium corymbosum W8520 PRINA638649 GCA_014504835 70,581%*
Juglans regia Chandler PRINA291087 GCF_001411555 45,874
Corylus avellana Tombul PRJEB31933 GCA_901000735 27,270*
Pistacia vera Batoury PRINA526975 GCF_008641045 41,217
Diospyros lotus Yz01 PRINA646788 GCA_014633365 22,844*
Ficus carica Dottato PRINA565858 GCA_009761775 37,840%*
Ficus erecta FE-Hiroshima-1 PRIDB8644 GCA_008635985 51,806*
Cydonia oblonga Quince A PRINAG675337 GCA_015708375 30,684*
Coffea arabica Caturra red PRINA497895 GCF_003713225.1 67,222
Ananas comosus F153 PRINA305080 GCF_001540865.1 35,775
Carica papaya SunUp PRINA20267 GCF_000150535.2 25,980
Cocos nucifera Catigan green dwarf PRINA483845 GCA_006176705.1 34,958*
Musa acuminata Doubled-haploid Pahang PRIEAR2777 GCF_000313855.2 47,707
Musa balbisiana DH-PKW PRINA432894 GCA_004837865 35,148*
Musa itinerans HN9 PRINA312694 GCA_001649415 32, 456*
Punica granatum Tunisia PRINA324150 GCF_007655135.1 36,608
Theobroma cacao B97-61/B2 PRIEB14326 GCF_000208745.1 30,773
Persea americana Hass PRINAG694184 GCA_018408905 24,616
Mangifera indica Alphonso PRINA487154 GCA_011075055.1 41,251*
Citrus clementina Clementine PRINA223006 GCF_000493195.1 32,586
Citrus sinensis Valencia PRINA86123 GCF_000317415.1 39,056
Citrus maxima Pummelo PRINA318855 GCA_002006925 42,886*
Citrus trifoliata ZK8 PRINA554539 GCA_018350135 39,675*
Citrus reticulata Mangshan PRINA388397 GCA_003258625 42,653*
Citrus medica Xz PRINA320023 GCA_002013955 47,506*
Citrus unshiu Miyagawa wase PRIDBS5882 GCA_002897195 37,970*
Citrus hindsii Hongkong kumquat PRINA487160 GCA_004802465 32,257*
Citrus cavaleriei XJC PRINA321657 GCA_002013975 43,103*
Citrus x paradisi Unknown PRINA224728 GCA_001929425 unknown
Fragaria x ananassa Wongyo 3115 PRINA662854 GCA_019022445 151,892%*

(Table 3) contd....
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Species Infraspecific Name BioProject Assembly Number of CDS
Fragaria vesca Hawaii PRINA60037 GCF_000184155 24,056
Rubus occidentalis ORUS 4115-3 PRINA430858 34,545*
Malus domestica Golden Delicious Doubled haploid PRINA534520 GCF_002114115.1 52,039
Pyrus x bretschneideri Unknown PRINA259338 GCF_000315295.1 47,086
Prunus armeniaca GSYX PRINA655343 GCA_020226305.1 23,445%
Prunus avium Satonishiki PRIDB4877 GCF_002207925.1 35,009
Prunus dulcis Texas PRJEB32994 GCF_902201215.1 33,326
Prunus mume Unknown PRINA171605 GCF_000346735.1 29,621
Prunus persica Lovell PRINA241430 GCF_000346465.2 32,595
Prunus salicina Sanyueli PRINA655343 GCA_020226455.1 26,815%
Prunus fruticosa Harmashatarhegy PRINA727075 GCA_018703695 58,880*
Prunus yedoensis Somei-yoshino PRIDB7997 GCA_005406145.1 94,776*
Prunus davidiana ST PRINAG655343 GCA_020226225.1 27,604*
Prunus mira GHT PRINA655343 GCA_020226265.1 25,953*
Pyrus pyrifolia Nijisseiki PRIDB10856 GCA_016587475 44,876*
Vitis riparia Gloire de Montpellier PRINA512170 GCF_004353265.1 39,906
Vitis vinifera PN40024 PRIEA18785 GCF_000003745.3 41,050

* number of CDS was retrieved from the research article elsewhere the number is from the RefSeq database

functional genomic tools for each species or group of spe-
cies. For two groups of species (Rosaceas and Citrus), spe-
cific websites have been developed to aggregate the species'
genomes and other data. For the tropical fruits and Vitis
communities, the resources are not centralized in a single
database, a portal acts as a central hub towards various mul-
ti-polarized resources.

4.1. Genome Databases for Rosaceae, Citrus Genome
Database, and Vaccinium Genome Database

The Genome Database for Rosacea has been developed
since 2003 [58]. Tripal and its modules are used across the
website architecture [59] for the implementation of many
tools. Amongst them, it is possible to access whole genome
sequence, gene annotations, synteny between species, genet-
ic maps, genetic diversity data, markers and trait loci or
phenotypic data. De novo transcriptome assembly is also
available for some species. Further plans are aimed to pro-
vide additional analysis tools through implementing a gal-
axy platform into GDR. The databases for the Cirrus ge-
nome [60] and Vaccinium [61] genomes use the same struc-
ture as the Rosacea database and are developed by the same
team at Washington State University with same tools availa-
ble. In these databases, the genome repositories are more
extensive than what has been deposited at the NCBI, mainly
because of the presence of projects yet under review.

4.2. Genome Databases for Tropical Fruits

South Green [62] is a portal used as a public information
system that acts as a hub redirecting towards various tropi-

cal crop resources developed in the frame of a federated
network of French institutes (Alliance Bioversity CIAT, CI-
RAD, INRAE, and IRD). South Green ensures the devel-
opment and hosting of original information systems and
analysis tools, such as GreenPhyl [63], SNiPlay [64], Gigwa
[65], AgroLD [66] or the Genome Hubs of specific species,
as well as offers sequencing data analysis pipelines through
two workflow managers: Galaxy [67] and TOGGLe [68].
The genome hubs are independent websites dedicated to
specific species, with many of them, such as the banana,
cocoa, and coffee genome hubs, developed using Tripal fol-
lowing the Rosacea model.

4.3. The Case of Vitis

There is no centralized resource database for grapevine
data but rather a constellation of repositories and tools.
However, all the available tools are indexed on the resource
page of the Integrape website [69], which acts as a central
hub for accessing data tools and guidelines for experiment
description or data submission to public databases. The
grapevine research community heavily relies and promotes
publishing data in the major international public multi-
species repositories as the primary sources of data access
rather than a grapevine specific database managed by a sin-
gle or a small number of groups depending on public fund-
ing [70]. For developing interactions between these tools,
this strategy is highly dependent on compliance with the
FAIR principles [3] for each of the tools and on allowing
correct interoperability. For that reason, several guidelines
for correct and standardized metadata for the samples have
been drawn with the participation of the whole community.
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5. PANGENOME, CONSENSUS GENOME, AND
COMPARATIVE GENOMIC DATABASES

Recent developments in sequencing technologies, such
as Pacbio and Oxford Nanopore, have permitted to produce
longer reads than the Illumina sequencing technologies.
Longer reads facilitate the de novo assembly of genomes of
new cultivars for a species, allowing the reconstruction of
the genomes without using a reference genome as the back-
bone of the assembly. The first major benefit is that these
technologies democratize the sequencing and the assembly
of genomes that have allowed in recent years to sequence at
least one genome for nearly all the fruit tree species with a
peak in 2019 (Fig. 3). All new genomes published in 2021
have used long-read technologies.

The second benefit of these technologies is the possibil-
ity to de novo sequence additional cultivars for each species.
So, genome areas absent from the reference genome can be
analyzed and compared between cultivars or closely related
species. This trend is only starting to be observed in peren-
nial fruits since, for most of the species, only one or two
genomes from different cultivars have been sequenced de
novo. The major species, grapevine, orange, peach and ap-
ple, have more than five cultivars already submitted to the
NCBI, but the exact numbers have to be estimated, and
sometimes, the cultivar information is missing or not easily
identifiable. Clear genotype nomenclature is a point that can
be improved. As an example of good practice, the grapevine
community recommends a 3-field code using the FAO
WIEWS code for holding institution IDs, the IDs and no-
menclature from the Vitis International Variety Catalogue
(VIVC [71]) for cultivars metadata and a local accession ID
for the accession/clone description. As an example,
FRA038 VIVC10077 _274Col49 would correspond to the
clone number 49 of Riesling available at INRAE Colmar.

The pan-genome is defined as the combination of a
"core" genome containing the genes or regions of the ge-
nome that are present in all individuals/varieties of a species
and are essential, with “dispensable” parts that may be ab-
sent in one or more varieties. Re-sequencing projects are
now being initiated for a large number of varieties of crop
species such as rice [72], wheat [73] maize [74], which in
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the medium term could provide a more complete map of the
allelic variations found in these species, broader than only
the genome parts that overlap the reference genomes.

With the availability of sequencing, genome comparison
and pangenome studies within and between species have
been emerging in recent years. Several studies have been
performed on crops. However, the main challenge for any
species is the integration of all of these genomes into a sin-
gle pangenome for each taxon and, more importantly,
browsers that replace the reference genome with a pange-
nome. These integrated pangenomes must be able to provide
a user friendly way to present gene annotation, mapping
accessory transcriptome and epigenome that would serve as
a one-stop shop for genome analysis [75]. This task is com-
plex because it requires working with nonlinear data struc-
ture and has to be convenient for researchers and breeders.
However, tools for comparing pangenomes at the gene level
are available for some perennial fruit species.

GreenPhylDB is a comparative database for plant ge-
nomes [63] that has been developed since 2007. It is part of
the South Green platform. Since the latest iteration (v5), it
has integrated pangenomes for 19 species. This tool allows
identifying the individual genomes used to build the species
pangenome, containing a particular gene. The homologous
genes are grouped into functional families. Among the 19
species pangenomes available so far, 3 are perennial fruits
(banana, cacao and grapevine). Some other tools for the
functional analysis of the families are also available for ap-
ple, orange, strawberry, coconut, coffee pomelo, and citron.

Gramene [76] is a tool jointly developed by the Cold
Spring Harbor Laboratory, Oregon State University and the
EMBL-EBI. It is a curated, open-source, integrated data
resource for comparative functional genomics in crops and
model plant species. It also includes tools for comparative
genomics between species, allowing the identification of a
member of gene families and orthologs within species. Pan-
genome tools are currently in development. The gene tree is
a tool that enables comparative analysis of genes against
their paralogs in other species as well as their orthologs in
the sequenced genotypes within a species. In Fig. (4), the
grapevine reference gene Vitvi02g01015 has been identified

14

12

10

® Nanopor/Pacbio

0 - T y
2008 2009 2010 2011 2012 2013 2014 2015

M lllumina only
454 /solexa

W Sanger

2019 2020 2021

2016 2017 2018

Fig. (3). Chronogram of sequencing technologies used for constructing the reference genomes of perennial fruit species. (4 higher resolution
/ colour version of this figure is available in the electronic copy of the article).
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Fig. (4). Example of gramene tree for the gene Vitvi02g01015. Image was obtained from the following direction: https:/vitis-
ensembl.gramene.org/Vitis_viniferapn40024/Gene/Compara_Tree?collapse=5649520,5650646,5651058,5647056, 5647223,5651685,5648148,5652
258;db=core;g=Vitvi02g01015;r=2:14296841-14298234;t=Vitvi02g01015 t001.

in eight cultivars and hybrids as well as within two versions
of the reference genome. It can be observed that this gene
has been duplicated in the Flame Seedless cultivar and that,
among sequences, the exon/intron structure is rarely identi-
cal, only ‘Merlot’ and ‘Zinfandel’ show the same structure
as the reference PN40024. All three are wine grapes. The
strong point of Gramene is the presence of a team of cura-
tors as well as a scientific community involved in curation
workshops.

Comparative analyses among genomes of closely related
species using the pangenome approach have been per-
formed, to some extent, on some perennial fruits like Malus
[77], Prunus [78], Musaceae [79], and Juglans [80]. These
studies allowed the identification of thousands of genes per
species not represented in the initial reference genomes. Six
different species were assembled for the Juglans, and anno-
tated genes were grouped together with orthofinder [81].
Around half of the orthogroups have gene members from all
the six species (core genes) while, on the other end, between
3% and 8% of the genes are specific to one species. In the
Malus study, in addition to comparing species, re-sequenced
varieties were mapped to each de novo assembled genomes
from three different species. For each species, the fraction of
the core genome was between 81.3-87.3%, which is rela-
tively high compared to annual plants. When orthologous
genes were found, the core genes were clearly more con-
served between species than the variable genes. The Mu-
saceae study was performed at the family taxon level. As a
result, the proportion of variable genes was much higher
than the genes present in the core genome. In the Prunus
study, the goal was to identify common characters from cul-
tivars of different Prunus species grown at high altitudes
compared to the reference genomes for these species. The
core group contained 1/3 of the genes from ten Prunus ge-
nomes and the variable group 2/3. It was similar to what
was observed in Musaceae, where the core gene proportion
was lower than in Malus, though the observed core genome
size is highly dependent on the number of genomes ana-
lyzed [82].

6. GENE ANNOTATION

Gene models and their functional predictions can easily
be obtained from genomes with computer methods with

decent but not perfect accuracy and could largely benefit
from manual review [83]. Annotation errors, when evaluat-
ed, greatly vary between gene families. It is common to find
around 30% of the genes affected by annotation errors
though it can even reach 80% [84]. Improved accuracy of
the structure of gene models largely relies on transcriptomic
data availability. Therefore, the genes with lower expression
are more error-prone because of lower sequencing depth and
in addition, splicing variants are harder to discriminate. The
full-length RNA sequencing technologies are particularly
useful in that aspect but not available for all species with a
sufficient tissue-representation to capture the whole tran-
scriptome. For functional annotation, even though more
sequence data are available, proportion of miss-annotation
have increased over time [84]. The more common errors are
related to overprediction of the function because of low cut-
off or because too specific function is associated with a pro-
tein only based on homology with a well-described protein
from the same family. The other cases are related to inaccu-
rate structural annotation with important functional motifs
being misannotated. Computational solutions are hard to
come by because the correct decision on the cutoffs varies
among protein families and the ones generically used are
selected to allow the most optimal number of correct anno-
tations. Computational methods are essential to gather the
maximum information on a protein function and structure,
but the decision-making process should include manual val-
idation and eventual correction. Recommended annotation
pipelines integrate tools for prediction performed ab initio
combined to sequence comparison from other species but
also complemented by visualization and edition tools for
community annotation [85, 86].

As popular automatic annotation tools can be applied for
any species, the current bottleneck for perennial fruit species
clearly resides in community annotation and quality con-
trols. To be useful for breeders, essential genes (involved in
biological processes such as cell division, elongation and
differentiation,  photosynthesis, respiration, circadian
rhythm, flowering, efc.) and adaptation genes (responses to
biotic and abiotic environmental stresses) must be curated
and identified on chromosomes. From the four models of
manual annotation described in the literature [87], the “in-
dustry cottage” and “party” models are the more appropri-
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ate, though, in this multispecies context, the update of these
two models named “gatekeeper” [88] is particularly well-
suited. It consists of complementing jamboree events held
on different species by expert curation. Another alternative
that is gaining popularity recently is student annotation [89].
So far, very few community infrastructures with the neces-
sary tools are available for perennial fruit species. Neverthe-
less, genome manual annotations were carried over by small
groups from strawberry [90], kiwi [91], and grapevine [92,
93] researchers. The grapevine community, however, is in
the process of releasing tools such as an Apollo web brows-
er that will be interconnected with Gramene visualization
tools already used on maize [86] using a similar approach to
the grapevine specific nomenclature [94] and annotation
protocols available at the Integrape website [95]. The Grape
Gene Reference Catalogue [96] released published gene
annotations for numerous families, and curators aggregated
them into the Grapevine Apollo browser.

7. FUNCTIONAL ANALYSIS
TOOLS

DATABASES AND

The electronic Fluorescent Pictograph — or eFP —
Browse [97], already available [98], allows the exploration
of transcriptomic data for hypothesis generation. Typically,
it would represent the expression of a gene for a species
through a collection of tissues (atlas) in a visual manner. So
far, it is available for grapevine and kiwi because gene ex-
pression atlas has been previously published for these spe-
cies [99, 100]. This tool is extremely useful to rapidly cross-
check the location of the expression of the gene of interest.

7.1. Transcriptome Database

Most of the initiatives to develop databases centralizing
the production of transcriptomic data for a perennial fruit
species and allowing easy comparative studies have been
performed on the grapevine. There are fewer tools for other
species and the existing ones are not periodically updated.
For instance, TRANSNAP [101] is a comprehensive data-
base about transcriptomics data for pear. It integrates micro-
array data published in GEO for 20 samples, including 7
varieties or crossing material, with various tissues from re-
productive organs [102]. Functional descriptions of the
genes are very extensive (GO, Kegg pathways, domains) but
do not include RNAseq data. ReprOlive [103] allows the
visualization of transcriptomic data in olive reproductive
cells and organs (pollen and pistils) but also data from
leaves, roots and radicles. The database is available [104]
and presents data from a specific experiment. The VES-
PUCCI [105] compendium is a complete and comprehen-
sive database of nearly all transcriptomic experiments per-
formed on grapevines using both microarray and RNA-seq
data. It is organized as a single coherent expression matrix
in which each row represents a gene, and each column rep-
resents a condition. VESPUCCI is available online [106].
VTC-Agg (v1.1) [107] is a tool to visualize co-expressed
genes from lists of the gene of interest. The co-expression
networks were constructed from 1,359 microarray samples
(33 experiments). The top 300 co-expressed genes, their
associated functional annotation (i.e., Mapman BIN catego-
ry, VitisNet annotation, and homology to Arabidopsis
genes), as well as enrichment of BIN and cis-regulatory
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elements (when available), can be downloaded for further
analysis. Bulk downloads of the entire datasets are also
available for local query and are available online [108]. The
“GRapevine Expression Atlas” is an available [109] all-in-
one curated database of grapevine transcriptomic data that
contains a web application to analyze public RNAseq data.
The database is periodically updated to include the latest
released expression data.

CONCLUSION

Abundant genomic data have been produced for the per-
ennial fruit species and now a reference genome is available
for almost all of them, which allows the future development
of molecular tools for breeding and improving farming prac-
tices. Raw data are generally available in public databases,
but the description of metadata and the compliance with the
FAIR principles need to improve and facilitate the develop-
ment of performance analysis tools and data sharing.
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