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Abstract

Over the past decade, genome sequencing and assembly approaches have been greatly improved, resulting in the assembly of many
genomes for citrus, including wild, domesticated, and citrus-related genomes. Improvements in technologies have led to assembled
genomes with higher completeness, contiguity, quality, and accuracy that have greatly facilitated annotation and analysis. This review
summarizes the evolution of the sequencing, assembly, and annotation technologies leading to citrus genomes over the past 11 years,
a comprehensive evaluation of their quality, contiguity, and completeness, and the major findings and applications. Of the 50 genomes
now available, 35 have been assembled to chromosome level and 15 to draft level, and 14 were haplotype-resolved assemblies. To date
there have been four pangenome-wide studies for citrus. The very recent genomes assembled with long-read sequencing have achieved
>99% and >98% assembly and annotation completeness (BUSCO), respectively. However, some early genomes are not of the same high
quality as more recently sequenced genomes and would benefit from re-sequencing. A more comprehensive pangenome based upon a
larger set of species and genotypes assembled at the haplotype level would allow genomics to deliver the maximum benefits for citrus

improvement and research.

Introduction

Sequencing technologies have been developed over the past few
decades in two main phases: first-generation (low-throughput
Sanger technology) and next-generation sequencing (NGS)
technology involving high throughput due to massive or massively
parallel sequencing approaches. NGS technologies include
second-generation technology involving short-read sequences
(llumina) and third-generation, long-read technologies [PacBio
and Oxford nanopore (ONT)] [1]. Sanger sequencing was limited
in its application, particularly in genome assembly, due to its
low throughput, high cost, and labor intensity. NGS involving
second-generation sequencing has facilitated the sequencing of
relatively smaller genomes with high throughput, high accuracy,
and low cost [1]. However, the high heterozygosity, high repeat
content, complexity, and polyploidy of many plant genomes have
challenged the generation of complete and accurate assemblies
with second-generation NGS sequencing due to their short read
lengths [2]. Third-generation NGS sequencing techniques with
longer read lengths (average length of >10 kb) and high accuracy
have been more successful than the previous techniques in
achieving contiguous genomes and accurate characterization of
the genomic features [3].

Citrus is an important fruit crop, produced in more than 140
countries around the world [4]. Currently, there are 50 citrus
genome sequences published and publicly available since 2013.
Among them, there are four pangenome-wide studies, some based
upon completely de novo assembled genomes [5], while others
employed reference genomes together with de novo assembly in

their analysis [6-8]. There is only one report summarizing the
genomes of a few citrus varieties, which was available before 2017
[9]. These genomes were assembled using Sanger, lllumina, and
PacBio RSII. Since that time, PacBio CLR (continuous long reads),
PacBio CCS (circular consensus sequencing) or HiFi sequenc-
ing, ONT sequencing, Illumina sequencing, and Hi-C chromatin
mapping approaches were widely adopted in assemblies, and 42
additional genomes have been reported to date. This review sum-
marizes research leading to the 50 citrus genome assemblies that
have been reported, and discusses their completeness, contiguity,
annotation, phasing, important gene families, and evolutionary
events, and the transcriptomic and epigenomic studies that were
based on these genomes. Moreover, the applications of genomes in
gene mining and breeding practices, and population genetics, and
a comparison with other horticultural species to understand the
unique features of citrus genomics research have been provided.
This will provide a valuable and comprehensive resource collating
current knowledge on citrus genomes and existing challenges and
identifying future implications for research on citrus.

Sequencing technologies used for citrus
genome assemblies

The very first genomes available for citrus in 2013 were for
Citrus sinensis based upon Illumina sequencing [10], and in 2014
for C. clementina based on Sanger sequencing [11]. To avoid
the complexities of assembling outbred diploid genomes from
short read sequences, these genome projects used haploid and
dihaploid materials. In the following years, lllumina sequencing
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was used to sequence some other wild and cultivated citrus
species. Some of the assembled genomes indicating the evolution
of the sequencing platforms are given in Table 1 and more
extensive information on all the assembled genomes to date are
given in Supplementary Data Table S1. With the advent of third-
generation sequencing techniques, the genome projects used a
combination of long-read and short-read sequencing data such as
PacBio RSII, PacBio CLR, PacBio HiFi, ONT, and Illumina for genome
assemblies (Table 1, Supplementary Data Table S1). HiFi sequenc-
ing (involving the repeated sequencing of the same molecule) has
subsequently greatly improved the quality of sequencing data and
the resulting genome assemblies [12]. Chromatin mapping using
Hi-C data has recently been used for developing more complete,
fully haplotype-resolved, chromosome-level genome assemblies
of some cultivated varieties, including C. sinensis [7, 13], C. limon
[14], and C. changshanensis [15], and some wild citrus species,
including C. australasica [16, 17], C. inodora, and C. glauca [17, 18].
Moreover, optical mapping was used for further improvements
in some genome assemblies [6], but has been used less with the
arrival of improvements in sequencing technology such as HiFi
and the use of Hi-C.

The status of current genome assemblies
Assembly approaches

The early genome assembly approaches used a range of different
software tools to assemble the sequencing reads into contigs
and scaffolds, which were then integrated with genetic maps
to be developed to chromosome level. The contig assembly,
scaffolding, and gap filling of the very first citrus genome of C.
sinensis was performed using Illumina data and the SOAPdenovo
assembler, and was further improved using the scaffolder Opera
(Supplementary Data Table S1). The genome of C. clementina
was based upon Sanger sequence data and an Arachne whole-
genome shotgun assembler (Supplementary Data Table S1). The
scaffolds of these assemblies were anchored to a genetic map
to generate pseudochromosomes. The scaffolds of five later
genomes were also anchored to genetic maps by molecular
markers to construct the pseudochromosomes [6, 24, 29, 30],
and the scaffolding of other genomes was performed using
Hi-C data (Supplementary Data Table S1). The numbering
and orientation of the pseudochromosomes of the genome
assemblies were based on either the C. clementina genome [11]
or the C. sinensis genomes (Supplementary Data Table S1). The
pseudochromosome construction for one of the C. limon genomes
[31] and Australian limes was also assisted by reference genomes
[16, 18, 32].

The assembly of Swingle citrumelo was done using Illumina
reads in the CLC genomic workbench, while another four draft
genomes of C. grandis/C. maxima, C. medica, C. ichangensis, and
Atalantia buxifolia were produced using the SOAPdenovo package
[29]. Later on, two other genomes for C. grandis/C. maxima were
developed in two consecutive years: 2022 and 2023. One genome
was developed using NECAT, Racon, NextPolish , Juicer, and 3D-
DNA software utilizing ONT and Hi-C sequencing data. The
other genome was developed using Canu, Minimap2, purge_dups,
NextPolish , ALLHIC, and MUMMER4 tools by employing [llumina,
PacBio CLR, and Hi-C sequencing data. In 2017, the genome
of C. unshiu was released based upon contig and scaffold
assemblies generated using PacBio RSII and Hlumina data
using the assembler PLATANUS, optimization of scaffolds was
done using Opera, and gap-closing was performed using PBJelly
(Supplementary Data Table S1).

The genome of C. reticulata was first assembled using Illumina
short reads with the help of PLATANUS assembler in 2019, and
the gaps were filled with GapCloser software. Recently, another
genome was made available for C. reticulata using ONT and
MGI short reads, assembled in NextDenovo. The first genome of
Fortunella hindsii was produced using MECAT, ARCS, and LINKS
software by employing PacBio CLR and Illumina sequencing
in 2019. Later on, another genome for F hindsii sequenced by
PacBio CLR, Hlumina, and Hi-C, and assembled using Canu,
smartdenovo, and Lachesis assemblers became available in 2022
(Supplementary Data Table S1). There are three genomes available
for Poncirus to date. Two of them were for P. trifoliata and one was
for P. polyandra. Among the two genomes of P. trifoliata, one became
available in 2020, assembled with PacBio CLR, Illumina, and Hi-
C data with the help of Falcon, HiRise, and Juicebox software,
while the other was released in 2021 employing PacBio RSII
and lllumina data with the help of Falcon/Falcon_Unzip, Quiver,
and Pilon software. The P. polyandra genome was developed with
NextDenovo, Racon, NextPolish, and Lachesis assemblers using
ONT and Hi-C data.

The first genome for C. limon became available in 2021, assem-
bled with ONT and Illumina reads using MaSuRCA and Falcon
software, and this was one of the first phased genomes avail-
able for citrus (Supplementary Data Table S1). A more advanced
genome was then available in 2023 using an integrated sequenc-
ing approach involving PacBio CCS, ONT, and Hi-C reads. The
sequencing reads were assembled using a combination of soft-
ware including Hifiasm, Verkko, ALLHIC, and TGS-GapCloser, cre-
ating a gap-free, more complete, and haplotype-resolved genome
for lemon. Another recent genome was released for C. limon in
2024, assembled using PacBio CLR, Illumina, and Hi-C technolo-
gles (Supplementary Data Table S1).

With the advent of third-generation sequencing, several
genomes have been produced for C. sinensis since 2021. The
first haploid genome sequenced by third-generation techniques
was assembled using a combination of software (HGAP, quiver
and pilon, SSPACE, GapCloser). The first phased genome for C.
sinensis was then available in 2023, sequenced using PacBio CLR,
and assembled using MECAT?2, Canu, and Falcon tools. Another
unphased genome that was assembled using Hifiasm and Lach-
esis was also publicly available in 2023. More recently, another two
phased diploid genomes were developed for C. sinensis. One was
developed in 2024 using Hifiasm, RagTag, and 3D-DNA and the
other was developed in 2023 using Hifiasm, ALLHIC, and Juicebox
software (Supplementary Data Table S1). Several genomes,
including six citrus species and six citrus-related species, were
generated in one study for the first time using PacBio, ONT, and Hi-
C sequencing. A combination of software including SMRTdenovo,
miniasm, NextDenovo, NECAT, Canu, Racon, and NextPolish was
used for these genome assemblies and 3D-DNA was used for their
scaffolding (Supplementary Data Table S1).

The genomes of Australian wild limes also recently became
available with more recent sequencing technologies. Among
them, the genome of C. australasica has been assembled by
several groups due to its importance among the native limes.
One high-quality and fully haplotype-resolved genome was
developed by PacBio HiFi and Hi-C sequencing reads that were
assembled by Hifiasm and BWA + Arima mapping + SALSA tools
[16]. Another phased genome was developed with the same
sequencing technologies, and assembled using Hifiasm, Falcon-
Phase, and Phase Genomics’ Proximo Hi-C genome scaffolding
platform [17]. The latest genome for C. australasica was a
haploid genome sequenced by ONT reads and assembled using
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NextDenovo, NextPolish, and RagTag software [32]. In addition, the
genomes of other Australian limes, such as C. inodora, C. glauca,
C. australis, and C. garrawayi, have also been assembled using
very recent genome sequencing and assembly approaches [12, 18]
(Supplementary Data Table S1).

Additionally, the genome of C. changshanensis has been pro-
duced using PacBio HiFi, lllumina, and Hi-C data with Hifiasm,
and 3D-DNA software [15] (Supplementary Data Table S1). Three
genomes were recently developed with Illumina, ONT data, and
Bionano optical mapping using the NECAT and HAPO-G software
tools.

Genome annotation

Genome annotation encompasses sequence-repeat annotation
and gene prediction. Since the beginning of citrus genome assem-
bly, many tools have been using for sequence-repeat detection
and gene prediction. The main types of sequence-repeat elements
in citrus genomes are LTR elements, unclassified repeats, DNA
transposons and interspersed repeats (LINEs and SINEs). The total
sequence-repeat content of citrus genomes has been reported
to range from 20% to 61% (Supplementary Data Table S2). The
gene models in these genomes were annotated using different ab
initio gene prediction tools, homology support (EST or/and protein
databases) and RNA-seq evidence (Supplementary Data Table S2).
The total number of gene models annotated in citrus genomes has
ranged from 20 815 to 41 852; some gene models in some genomes
could not be localized within chromosomes and were therefore
annotated in unplaced scaffolds (Supplementary Data Table S2).
The total repeat and gene contents of the annotated genomes,
which are measures of completeness of an assembly and annota-
tion, depend upon the accuracy and advancement of sequencing
technologies, assembly, and annotation software. Therefore, the
very early genomes developed with Sanger and next-generation
sequencing are not as complete as recent genomes developed
with third-generation sequencing and more sophisticated assem-
bly and annotation tools.

Improvement of assemblies and associated novel
discoveries as a consequence of advances in
sequencing and assembly technologies

Assembly quality, contiguity (N50), and completeness
(total BUSCO/CEGMA/LTI, gaps, and telomeres)

The genomes sequenced by third-generation sequencing tech-
niques are of high quality, high contiguity and high completeness
compared with those sequenced by early sequencing technolo-
gles. The use of more advanced contig and scaffolding assem-
bly approaches has also largely improved the citrus genomes.
Changes in the quality and completeness of the assemblies over
time with the evolution of sequencing technologies are depicted
in Fig. 1 using a selected set of genomes. There was no indi-
cation of assembly contiguity and completeness for some early
genomes sequenced by Sanger/Illumina sequencing platforms.
Early genomes sequenced using PacBio RSII, CLR, or ONT with
Ilumina, Hi-C, and 10X genomics were found to have improved
contiguities compared with Sanger or Illumina sequencing alone
(Fig. 1, Supplementary Data Table S1). The BUSCO value, a mea-
sure of genome assembly completeness, has been lower than 96%
for most of the genomes sequenced by first-generation sequenc-
ing techniques; however, it was mostly greater than 98% (98%-99%
or >99%) for genomes sequenced by next-generation sequencing
(Supplementary Data Table S1).

Some genomes categorized in phase II in this study (Fig. 1)
had lower BUSCO scores (<96%), while some had higher BUSCO

scores (>96%). Some genomes with a high coverage of PacBio
CLR data (420X) were shown to have an increased assembly
BUSCO score (98.7%) [19], whereas other genomes with reason-
ably high coverages of PacBio (395.2X), [llumina (140X), and Hi-
C data (128X) were found to have a relatively low BUSCO score
(95%) [33]. However, the latter genome was found to have a high
CEGMA (Core Eukaryotic Genes Mapping Approach) score. Differ-
ent BUSCO scores in different genomes might possibly be due to
different lineages that were used in BUSCO analysis (viridiplan-
tae or eukaryota), different coverage of sequencing reads used,
and different assembly approaches used. Some genomes with
high assembly BUSCO scores (99.1%) have used a combination of
sequencing data (PacBio CLR, Illumina, and Hi-C) with no coverage
details [23].

In recent genomes sequenced by PacBio CCS (HiFi) sequenc-
ing with integration of other data, such as Hi-C, ONT, Illumina,
or optical mapping, contiguity at the contig level (contig N50)
has been increased (now >10 Mb), and that of the scaffold-
ing level (scaffold N50) has also become greater than 25 Mb
due to the assembly of large chromosome-scale scaffolds (Fig. 1,
Supplementary Data Table S1). Some of these genomes had <96%
total BUSCO scores and others had >96% BUSCO scores. The
genomes having lower coverages of PacBio HiFi and Hi-C data
[7] were found to have lower BUSCO scores (<96%). Also, those
having a higher coverage of PacBio HiFi data but a lower coverage
of Hi-C data [20] were also found to have a relatively low BUSCO
score (<96%). In contrast, the genomes having high coverages of
both PacBio HiFi and Hi-C data [12, 15, 16, 18] and the genomes
assembled with additional data such as ONT reads in addition to
PacBio HiFi and Hi-C reads [14, 21] were found to have increased
BUSCO scores (>96%).

Other measures for assembly completeness, such as LTR
assembly index (LAI), CEGMA score, and QV, have been used
in a few genomes to measure gene completeness and the
quality of genome assemblies. The score of LAI for one of
the C. australasica genomes was 15.19, and those of C. chang-
shanensis assemblies were ranged between 154 and 19.54
(Supplementary Data Table S1). Based on these scores, the
genomes could be considered to be of reference quality
(10 <LAI < 20) and were categorized into neither draft (0 < LAI < 10)
nor gold qualities (20 <LAI) [34]. Three genomes have been
evaluated with CEGMA score, which was 93.55 for C. sinensis
Osbeck cv. ‘Gannanzao’, 96.3 for Swingle citrumelo and 97.18 for
C. limon (Supplementary Data Table S1). The CEGMA score is
based on a set of reliable genes conserved in eukaryotes and
higher values indicate more complete gene annotations [35]. The
QV value assessed by Merqury is an indication of the assembly
quality and it is based on k-mers [36]. Two genomes were found
to have sufficiently good QV scores (C. sinensis cv. ‘Valencia’, 50.6;
C. changshanensis, 42.74-43.26), while one of the C. limon genomes
was found to have high QV scores for individual chromosomes
[62-81]. The most recent genome of C. australasica had a relatively
low QV score, which was 27.68. These additional measures
are important in evaluating the completeness and quality of
genomes; however, they have not been used in many genomes.

The presences of gaps and telomeres in genome assemblies
are other measures of completeness in a genome. Attempts were
made to fill the gaps in early genomes with short paired-end
reads [22, 24, 25, 29] or mate-paired reads [24, 29], and those
in later genomes were closed with long reads such as PacBio
CLR and ultra-long ONT [24, 37], and PacBio HiFi and ultra-long
ONT [14]. However, gaps still remain in some genomes. To date,
only the genomes of C. reticulata [38] and C. limon [14] have been
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Figure 1. Changes in the quality, contiguity, and completeness of a few genome assemblies over time with advancements of sequencing technologies.
The sequencing approaches used in previous studies can be categorized into three phases. The first phase used Sanger or Illumina sequencing,
generating draft assemblies from 2013 to 2018. Some studies did not report their completeness and contiguity. Other genomes had very low BUSCO
levels and contiguities (N50). None of the genomes were haplotype-resolved and no telomeres were found in them. In the second phase,
third-generation sequencing technologies such as PacBio RSII and PacBio CLR with other sequencing technologies such as Illumina, 10X genomics, and
Hi-C were adopted between 2017 and 2024. These genomes can be categorized into two types based on their completeness in terms of BUSCO scores.
Their contiguities have greatly improved compared with the previous phase of sequencing technologies and two were phased into haplotypes. In the
third phase, in addition to the ONT, Illumina, and Hi-C sequencing technologies, PacBio HiFi was adopted in assemblies. This has greatly revolutionized
the genomes, with very high contiguities at the contigs and scaffold levels. Some of the genomes had <96% total BUSCO values and they were not
haplotype-resolved. Many genomes having a greater BUSCO value (>98%) were phased into haplotypes and telomeric regions were identified in these
genomes, giving rise to more complete assemblies. SWO, C. sinensis. Clementine, C. clementina; Citrumelo, Swingle citrumelo; Hongkong kumquat,
Fortunella hindsii; lemon, C. limon; Pummelo, C. maxima/C. grandis; Trifoliate orange, Poncirus trifoliata; Australian finger lime, C. australasica; Huyou, C.
changshanensis; HR, haplotypes resolved; HNR, haplotypes not resolved; TR, telomeres reported; TNR, telomeres not reported.

declared to be gap-free, in which each chromosome was repre-
sented by a single contig. Although the C. reticulata genome was
gap-free, only three chromosomes were assembled with telomeres
at both ends, and four were assembled with telomeres at one
end, indicating the chromosomes were not fully complete [38].
In the C. limon genome also, the telomeres were not found on
all the chromosomes in haplotype A, indicating incompleteness.
Among the Australian wild limes, C. australis, C. australasica, C.
garrawayi, and C. glauca had four, four, four, and seven complete
chromosomes with telomeres at both ends, respectively. However,
none of the chromosomes of C. inodora were telomere-telomere
(T2T) [12, 16, 18]. Only the recently available genomes in 2023 and
2024 sequenced by PacBio HiFireads have been reported as having
telomeres (Fig. 1). The corresponding locations of the centromeres
have been deduced in C. reticulata, C. medica, and C. micrantha
and were identified with reduced gene densities and high repeat
contents [6].

Development of haplotype-resolved assemblies

The development of haplotype assemblies was initiated in 2021
for C. limon with the advent of third-generation sequencing [31].
Since then, different studies have used different approaches
to phase genomes. All the other haplotype assemblies became

available in 2023 and 2024 (Fig. 1). Some studies have used de
novo methods for phasing, whereas others have used reference-
guided methods (aligning contigs against parental genomes).
Some approaches have also used different pipelines to correct
subsequent switching errors in the phased haplotypes [15, 17]. The
phasing of the genome of ‘Valencia’ sweet orange was performed
by utilizing the high intra-genomic heterozygosity, which has
created a high allelic variation between the haplotypes [19].
The genome was phased by mapping the contigs of the Canu
assembly against the remaining contigs of the assembly to detect
the orthologous regions, followed by using pb-falcon to phase the
unphased collapsed regions [19]. Another approach used the HiFi
reads and Hi-C reads integration option in Hifiasm to develop
haplotype-resolved assemblies [12-14, 16, 18]. The genome of C.
limon was phased by mapping the contigs against the parental
genomes along with the purge haplotig pipeline [31].

To date, there are 14 genome assemblies for C. sinensis, C.
limon, Australian wild limes, and C. changshanensis that are phased.
Among them, three phased genomes are available for C. sinensis
[7, 13, 19], two are available for C. limon [14, 31], C. australasica [16,
17], C. inodora [17, 18], and C. glauca [17, 18], and one is available
for C. changshanensis [15], C. australis [12], and C. garrawayi [18].
Of the two phased assemblies of most of the genomes, a major
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portion shared a high nucleotide similarity. Most of the genes
were found to be syntenic (same genes present) [12, 15, 17, 18] or
collinear (same genes present in the same order) [18, 19] between
the homologous chromosomes. On the other hand, the Newhall
navel orange genome published in 2023 [7] identified a relatively
low similarity between the homologous chromosomes of the two
haplotypes.

The haplotype assemblies are different from each other in
terms of their size and the total gene number (Supplementary
Data Table S3). The size difference of the nine chromosomes
between the two haplotypes was the highest in one of the C.
limon genomes (34.2 Mb) [14] and was the lowest in C. garrawayi
(1.3 Mb) [18]. The difference in the total number of genes between
haplotypes within the nine chromosomes was highest in one
of the C. australasica genomes (4089) [16], while it was lowest in
C. australis (69) [12] (Supplementary Data Table S3). In addition,
the number of repeat elements was also found to be different
between the haplotypes.

Apart from the syntenic regions, structural variants, including
single-nucleotide variants, small indels, insertions, deletions,
tandem duplications, translocations, inversions, and highly
diverged regions, were also found between the two haplotypes
(Supplementary Data Table S3).

Haplotype-resolved assemblies provide important information
related to their parental origins, structural variations and simi-
larities, and haplotype-specific alleles, which broaden our under-
standing about their evolution and facilitate their use in breeding.
The phased assemblies of sweet orange have been used to deter-
mine the parental origins of the homologous chromosomes [13,
19]. As a result, the regions of whole haplotype assemblies and
individual chromosomes derived from mandarin and pummelo
were determined. The results suggested that sweet orange was
more likely derived from a maternal parent, which is a complex
hybrid with a larger proportion from pummelo and a smaller
proportion from mandarin, and from a paternal parent that is
a mandarin introgressed with a small portion of pummelo in
its nuclear genome [19]. Similarly, the parental origins of lemon
have been characterized using a phased lemon genome [14].
Accordingly, a major portion (53.5%) was found to be derived from
citron and the rest of the genome was found to be derived from
mandarin and pummelo (~23%).

Phasing moreover enabled the detection of haplotype-specific
genes in each assembly [13, 19]. These hemizygous genes, where
only one allele was present in one haplotype, were profoundly
enriched in certain biological processes, such as defense response,
hormone signaling, and sexual reproduction [19]. Certain biallelic
genes with heterozygous variations (structural variants and SNPs)
were found to have allelic expression differences during fruit
development [13]. Interestingly, a positive, significant correlation
was found between the heterozygous allelic variations and the
enrichment of the genes with allele-specific expressions in C.
sinensis. Some alleles with transposable elements (TEs) inserted
within the promoter region were highly expressed, while other
alleles with no TE insertion were weakly expressed, indicating
allele-specific expression patterns for some genes regulating fruit
development [13]. This study further identified more somatic
mutations in haplotype-resolved assemblies compared with sin-
gle collapsed genomes, revealing the importance of phasing.

Development of pangenomes

To date, three pangenome-scale studies have been performed
in citrus. A pangenome represents the complete set of non-
redundant DNA sequences in a species or a population [39].

Citrus pangenomes have been constructed based upon structural
variants [5] and gene families [7]. A study with 18 citrus and citrus-
related genomes revealed 34564 gene families, of which 35.8%
were core and softcore gene families, 55.4% were dispensable
gene families, and 8.8% were special gene families [5]. This study
revealed South Central China as the origin of the genus Citrus
and the ancient Indian Plate as the origin of Citrus-related genera.
This study further demonstrated the sequence and expression
variations of the PH4 gene resulting in an increase of citric acid in
these genomes. Another study included 10 genomes of wild, prim-
itive, cultivated Citrus and related genera that were tolerant and
susceptible to huanglongbing (HLB) disease, and revealed more
unique immunity-related genes in HLB-susceptible accessions [7].

Another study of five Citrus and related genera analyzed the
cyclic nucleotide-gated channels (CNGCs) gene family revealing
structural alterations and expansions in genomes and high
expression in response to drought [8]. Another pangenome
comprising four ancestral cultivated varieties—C. reticulata, C.
medica, C. micrantha, and C. maxima—revealed SNP variants
differentiating the four varieties. This study revealed that many
cultivated mandarins have a genome largely derived from C.
reticulata and some have introgressions from C. maxima. In
cultivated pummelos, the genome is primarily constituted of C.
maxima, while some varieties were found to have C. reticulata and
C. medica introgressions. Most citrons were pure representatives
of C. medica, while a very few had introgressions from C. micrantha.
Many other cultivars displayed different genomic admixture
patterns from the four ancestral cultivars. The pangenome
identified the critical biological processes shared among the four
cultivars and unique genes corresponding to their adaptive traits.

Important gene families annotated in
genomes

Immunity-related genes

The genome of C. limon has unveiled expanded genes that may
play crucial roles against HLB. These genes belong to plant-
pathogen interactions, hormone signaling, MAPX signaling, and
other genes conferring phloem-based defense and associated
with cell wall synthesis, degradation, and modification [14].
The genomes of Australian wild limes, including C. australis, C.
australasica, and C. glauca, were annotated with many defense
genes encoding stable antimicrobial peptides (SAMPs), guanine
nucleotide-binding proteins, pathogenesis-related proteins,
leucine rich repeats (LRRs), cysteine-rich receptor-like protein
kinases (CRKs), and other genes that may be responsible for
their HLB tolerance. The disease resistance genes (R genes) in
Australian limes were classified into different categories based
on their domains [17]. Among the Australian limes, the highest
number of genes for terpene biosynthesis were identified in
C. australasica [18]. In contrast, a comparatively high number
of receptor-like proteins (RLPs) and disease resistance protein
(RPS2) were annotated in the C. australis genome. The number of
other immunity-related genes, such as thiamine metabolism and
glutathione metabolism were found to be the highest in C. glauca.
These findings revealed the potential involvements of these genes
in resistance against HLB in Australian limes.

Another study related to HLB has found several immunity-
related genes encoding proteins such as NBS (nucleotide binding
site)-LRR, PLCP (cysteine protease-like protein), lectin, leucine-
rich repeat receptor-like protein kinase, MAPKKK, and Raf31
in HLB-susceptible accessions; however, these were absent
in HLB-tolerant accessions. In contrast, some genes for LRR
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receptor-like protein kinase (Cs2g10550.1), and serine-threonine
protein kinase, plant-type (Cs1g05370.1) were only present in
tolerant accessions [7].

A study involving healthy and blight-diseased citrus with
Swingle citrumelo as the rootstock revealed the involvement of
hormone-related genes in response to citrus blight. The up-
regulation of salicylic acid and abscisic acid-mediated defense
pathways and down-regulation of jasmonic acid- and ethylene-
mediated defense pathways were observed in blight-diseased
trees [22]. The gene family NPR1, which plays a crucial role
in mediating the salicylic acid signaling pathway and systemic
acquired resistance (SAR) in plants was extensively studied in 10
citrus species. It revealed a total of 63 genes across these species,
defining their copy numbers, distribution, phylogenetic groups,
evolutionary selection, structural features (introns/exons, motifs,
cis-regulatory elements), synteny across genomes, and expression
patterns in response to bacterial canker [40].

The genome of P. trifoliata comprised a family of non-NBS type
LRR genes that was rapidly evolving. Non-NBS type LRR genes and
NBS genes located within the disease-resistant QTLs are thought
to have provided resistance in P trifoliata against several major
pathogens [27]. The NBS-type genes in the P. polyandra genome
were classified into four groups based on the presence of addi-
tional domains, and 17 of those having LRR domains were found to
be rapidly evolving [28]. Furthermore, genes for tolerance against
HLB, nematodes, CTV (Citrus tristeza virus) have been localized in
the P. polyandra genome.

Abiotic stress-related genes

Several gene families were likely to be key attributes of cold resis-
tance in P trifoliata. The gene family of Tam3-transposase was found
to be rapidly evolving, and the gene LTI65 (LOW-TEMPERATURE-
INDUCED), which is a CBF regulon, was found to be positively
selected in two mostly cold-tolerant species, P. trifoliata and C.
ichangensis [27]. The Poncirus polyandra genome contained 41 gene
families associated with the cold signaling pathway, which might
contribute to its cold tolerance [28]. The study of Australian
wild limes elucidated an expanded number of genes in C. glauca
related to amino acid and aromatic amino acid biosynthesis and
metabolism, suggesting their likely involvement in abiotic stress
resistance mechanisms in this species [18, 41-43].

Physiology and development-related genes

The cytochrome P450 family (CYP), encompassing 260 genes
(belonging to 46 clans) involved in metabolism and phytohormone
homeostasis, was characterized in satsuma mandarin. The genes
in single-family clans were found to be conserved among higher
plants, mosses, and algae [24]. The terpenoids are produced
via two main biosynthetic pathways: the mevalonic acid (MVA)
pathway and the methylerythritol 4-phosphate (MEP) pathway.
Studies have uncovered the copy numbers and chromosomal
locations of the genes related to these pathways in C. unshiu
[24], C. limon [14], and Australian wild limes [12, 16]. Moreover,
these studies also identified genes for pigmentation, such
as carotenoids and anthocyanin. The genome of one of the
Australian wild limes (C. australasica) revealed a significant
expansion in thylakoid curvature protein encoding genes (CURT1)
compared with other Australian citrus and non-Australian citrus,
indicating a potential role in conferring tolerance to shade [16].
The copy number and distribution of phloem protein 2 (PP2) and
callose synthase (CalS) gene families were revealed in Australian
wild limes, with the highest number of PP2 and CalS genes being
identified in C. glauca and C. australasica, respectively [17].
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Fruiting-related genes

The gene for MADS-RIN, encoding a transcription factor, was
found to be a key regulator in fruit ripening in oranges [10]. A key
gene encoding D-galacturonic acid reductase (GalUR) regulating
the biosynthesis of vitamin C was found to be expanded and the
galacturonate pathway was found to be highly up-regulated in
orange [10]. The high-quality genome of C. reticulata has enabled
the detection of positive and negative correlations of many tran-
scription factors with flavonoid-related regulatory and structural
gene families, unveiling the regulatory mechanism of flavonoid
biosynthesis in C. reticulata. Moreover, this study identified the
distribution of genes of glycosylated flavonoids (UGTs) across
the genome, the structural composition of genes, evolutionary
relationship of UGTs, and expression of UGTs in fruit peel at differ-
ent developmental phases [38]. Key genes for acidity regulation,
such as PHI and PHS, their transcription regulators, and genes
involved in citric acid degradation were identified in Australian
wild limes [12]. The transcription factor PH4 was found to induce
the expression of PH1 and PHS5 in citrus, and thereby increase the
citric acid levels in citrus. The expression of PH4 was substantially
increased in citrus compared with citrus-related genera. [5].

Citrus genomes as a model for studying
evolutionary events

The genomes have shed light on citrus evolution. The whole-
genome duplication events in genomes have been identified using
synonymous substitutions (Ks) for paralogous gene pairs in the
genome of interest or by orthologous relationships based on
inter-genome collinearity. Asian citrus, close citrus relatives, and
Australian citrus were found to have no recent whole-genome
duplication (WGD) events in addition to the common, ancient
triplication (y-WGT) event [10, 18, 27, 28, 38]. A total of at least
46 or 49 chromosomal fissions and fusion events are thought to
have occurred in the evolution of the nine citrus chromosomes
to reach the current structure, from the genome structure of the
ancient paleohexaploid ancestor [10, 44].

The evolutionary patterns of specific genes or gene families
have been largely addressed in plants due to their implications in
adaptation and speciation in plants [45]. This has been achieved
at whole-genome level with various approaches, such as the likeli-
hood approach estimating the gene family size changes [46], cat-
egorizing the unique and shared orthologous gene families [47],
and determining the adaptive evolution of gene families with posi-
tive or purifying selection through non-synonymous/synonymous
(Ka/Ks) ratios of paralogous gene pairs [48]. Gene family analysis
revealed 132 significantly expanded gene families in C. reticu-
lata cv. ‘Chachi’ (P < 0.05), associated with flavonoid biosynthesis,
[38], and six significantly expanded gene families in P. trifoliata
(P <0.01) associated with a group of non-NBS-type LRR proteins,
TEs, Tam3-transposase, and a group of zinc finger proteins with
the hAT dimerization domain [27] relative to their most recent
common ancestors. Furthermore, a high copy number of genes
related to an amino acid transporter family was found in cold-
tolerant P trifoliata and F hindsii, suggesting that they are likely
involved in cold resistance in these two species [27].

Moreover, the expanded gene families in C. limon were found to
be associated with terpenoid biosynthesis and metabolism, plant—
pathogen interactions, stress resistance, and energy metabolism,
and may be involved in environmental adaptability [14]. Among
the Australian wild limes, C. glauca and C. australasica had the
highest number of expanded gene families (P <0.05). Purine and
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thiamine metabolism were two significantly expanded gene fam-
ilies in all Australian wild limes. Notably, the expanded gene
families in C. australasica and C. australis were enriched in plant—
pathogen interactions [18].

The comparative genome analysis revealed gene conservation
(shared gene families) among wild citrus species and cultivated
citrus species [26], cultivated citrus [14], citrus and close relatives
[27], wild citrus, cultivars and close relatives [33], Australian cit-
rus, and non-Australian citrus [18]. These studies also identified
unique gene families in wild citrus (F hindsii) [26], cultivars [14,
33], close relatives (P. trifoliata) [27], P. polyandra [28], and Australian
wild citrus [18] that were enriched with many unique biological
processes.

High-quality genomes have facilitated the study of evolu-
tionary relationships among species based on whole-genome-
wide single-copy genes. Phylogenetic trees based on single-
copy orthologs and Ks-based methods estimated the divergence
times among citrus species. As a result, the divergence between
Citrus and Poncirus was estimated to have occurred ~9.8 million
years ago (MYA). The divergence between two Poncirus species
(P trifoliata and P. polyandra) was recent and estimated to be
within 1.75 and 3.5 MYA [27, 28]. The divergence between Citrus
and A. buxifolia was recently estimated to be 16.39 MYA [33];
however, it had previously been estimated as 5.6-6.4 MYA with
corrected evolutionary rates [49]. The estimated divergence
times for C. limon and C. medica (2.85 MYA) [33], C. clementina
and C. sinensis (1.1-1.2 MYA), and C. clementina and C. maxima
(1.8-2.1 MYA) were recent [49]. The Australian citrus and Asian
citrus (C. sinensis) divergence was estimated to be 8-16 MYA
[18] [32].

The selection pressure on all single-copy orthologs of A. bux-
ifolia, C. medica, C. ichangensis, C. maxima, C. clementina, and C.
sinensis showed that a majority of genes in A. buxifolia had a
value of Ki/Ks > 1, compared with the other species, indicating
an increased sequence divergence in A. buxifolia relative to the
other species [29]. Another study of P. trifoliata revealed 35 genes
that were positively selected in the P trifoliata lineage [27]. The
transcription factor family WRKY is important in mitigating var-
ious abiotic and biotic stresses and other physiological processes
and has been widely studied in citrus. The WRKY genes in Aus-
tralian citrus and non-Australian citrus have been found to be
primarily evolved through purifying selection in these genomes
and expanded through WGD/segmental or tandem duplication
events [18, 41-43].

The study by Wu et al. [50] revealed important information
about the origin, evolution, and domestication of citrus. The study
investigated the complex origins of citrus hybrids and admixtures
based on SNPs in the genomes. This study identified 10 ancestral
citrus species, among which C. medica, C. maxima, and C. reticulata
were the progenitor species of several interspecific hybrids, such
as lemons, limes, oranges, and grapefruits. The hybrid accessions
(including sour orange and lemon) and admixtures (including
sweet orange and grapefruits) were identified based on the high
segmental heterozygosity and bimodal distributions in heterozy-
gosity in them, respectively. The origin of citrus has been con-
sidered to be in Southeast Asia [51], and the progenitor species
of citrus are thought to have migrated from Southeast Asia to
Australia, giving rise to the Australian limes [50]. A rapid Asian
citrus radiation has been found to have occurred in the late
Miocene epoch (6-8 MYA) and an Australian citrus radiation has
been estimated to have occurred in the early Pliocene epoch (~ 4
MYA). Citrus domestication was found to be associated with an
extensive network among mandarins and sweet oranges and a

correlation of pummelo admixture with beneficial fruit traits has
been found [50].

The domestication of mandarin, which gave rise to existing
edible varieties with desirable traits, was known to be primarily
associated with apomixis, pummelo introgression, and extensive
crosses between ancestral hybrids and admixtures [52]. A
decrease in citric acidity was found to be an important trait
during mandarin domestication [25]. Two domestication events
were known to have happened during mandarin domestication
in China, which were characterized by acidity and changes in
expression of genes associated with fruit acidity, color, and
aroma [25]. Moreover, the origin, evolution, and divergence of
pummelo have also been studied using whole-genome sequence
data [53].

Transcriptome analysis

The transcriptome is the complete set of RNA transcript
molecules [54]. Transcriptomics initially relied on hybridization-
based microarray technologies but these have more recently
been replaced by RNA-seq [55]. The availability of high-quality
genomes has provided new opportunities for transcriptomics in
citrus. Studies have revealed that the genomic introgressions in
domesticated citrus (admixed regions) have been associated with
regulation of gene expression, resulting in a wide variability of
phenotypes in domesticated citrus, such as fruit pulp acidity, easy
peeling, and fruit ripening, [56]. This supports the fact that the
expression variations of certain genes in admixed regions of the
commercial cultivars are linked with domestication. This study
further indicated the involvement of differential gene expression
in regulating sugar accumulation, organic acid metabolism,
pigmentation (carotenoid biosynthesis and degradation), and
flavonoid accumulation in citrus. Domestication has also involved
promoting the fundamental growth and edible attributes, and
a reduction in the production of chemical defenses in citrus
plants [57].

Transcriptomic studies have been widely adopted to under-
stand disease resistance/susceptibility in citrus. Studies have
shown transcriptomic responses in response to diseases caused
by bacteria [58, 59], viruses [60], fungi [61], and peel disorders [62],
revealing the pathways involved in various metabolic, cellular,
regulatory, and physiological processes in such conditions. The
seasonal transcriptomic responses to diseases (impact of day
length and temperature on the citrus transcriptome) [63] have
also been revealed. Moreover, differentially expressed genes in
response to waterlogging conditions [64], water deficit conditions
[65], boron deficiency [66], chlorotic conditions [67], different
acidity levels [68], citrus dwarfing viroid (CDVd) infection leading
to dwarfing phenotype [69], defoliation [70], salinity [71], during
fruiting and fruit ripening [72, 73], fruit mastication [74], and self-
pruning [75] have been identified.

Furthermore, transcriptomic studies have provided insights
into the mechanisms of processes such as low-temperature main-
tenance of fruit quality during post-harvest storage [76], graft
compatibility and incompatibility [77], arbuscular mycorrhizal
symbiosis (AMS) [78], citric acid accumulation in pulp and antho-
cyanin accumulation in the pericarp [79], peel color differences
in Australian finger lime [32], gibberellin control of expression of
flowering genes [80], the biosynthesis of flavonoids in different
fruit tissues at different development stages [23], and polyembry-
ony [29]. Transcriptomes have been used for novel gene discovery
[81], to study gene expression at heterozygous loci [82], and in
different organs [81] in citrus.
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Epigenetic regulation of citrus genes

The accurate identification of genes in genomes has provided
opportunities for studying the epigenetic regulation of certain
genes and their impacts on some phenotypes. With regard to citric
acid accumulation in fruit pulp, a study has discovered that a
reduction in methylation of the AN1 [encoding a basic helix-loop—
helix (bHLH)] promoter leads to an increase in expression, result-
ing in an accumulation of citric acid in pummelo [79]. Another
study revealed the impact of grafting on DNA methylation, where
the degree and pattern of DNA methylation were found to depend
upon the type of the species and grafting combinations [30]. The
grafting combination affects the movement of sSRNAs from root-
stock to scion, which then mediates the methylation of genes in
the scion. Furthermore, the degree of methylation during different
phases of lemon development [33], the epigenetic-mediated acti-
vation and repression of floral promoters and repressors resulting
in alternate bearing [83], and the impact of the degree of methy-
lation in inducing and repressing the transcription of drought-
responsive genes [84] have been studied. Methylation effects in
response to oomycetes [85] and bacteria [86, 87] have been studied
in detail in the last few years.

Moreover, DNA methylation has been found to repress the
expression of anthocyanin-related genes in cold storage, resulting
in low pigmentation in citrus fruits [88]. Additionally, empirical
evidence has been found for DNA hypermethylation-mediated
initiation of nucellar polyembryony [89], fruit ripening [90],
formation of flowering branches in response to drought [91],
and activation of anthocyanin genes in response to fungal
infections [92].

Comparative genomics

Applications in gene mining and breeding
practices

The availability of genome sequences has enabled the mining
of desirable genes underlining important physiological and
agronomical traits in citrus, which has accelerated genetic
breeding in citrus. Apomixis was found to be an important trait
in commercial citrus that was selected during domestication
[29]. Apomixis was found to be associated with an insertion
of a miniature inverted-repeat transposable element (MITE) in
the promoter region of the gene CitRWP, and the gene was
found to have higher expression levels in apomictic cultivars.
Polymethoxyflavones (PMFs) are a type of metabolites in citrus
with reported anticancer properties, biosynthesized in mandarins
and regulated by tandem duplicates of CreOMT3, CreOMT4, and
CreOMT5 [93]. The modern cultivated mandarins were found
to have a 1041-bp deletion in the promoter region of CreOMT4,
which was associated with a reduced PMF content compared
with that in wild and early-admixture mandarins. Two uridine
diphosphate (UDP) glycosyltransferases (UGTs) (Ciclev10015105m
and Ciclev10019927m) were identified to have a significant
correlation with flavonoid biosynthesis, therefore increasing
the antioxidants in citrus [94]. The same study revealed the
association of PMFs with anticancer effects and the negative
impact of coumarins on CYP450 enzymes, increasing the risk of
drug interaction. Moreover, the phenotypic diversity between red-
flesh and white-flesh pummelos was attributed to the variations
in sequence and expression of the gene lycopene cyclase 2
(LCYB2). Knowledge of these genes is important in enhancing
the beneficial traits and compounds in citrus through breeding
approaches.
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Applications in population genetics

Population genetic studies have elucidated the genetic diversity,
gene flow, genetic admixture, genetic association with the
environment, and beneficial traits of different citrus populations
around the world. A study of 18 mandarin populations in Iran
has revealed low genetic variability within a single population
due to vegetative propagation and apomixis, and high genetic
variability among different populations [95]. Other studies have
also adopted genetic markers to explore the genetic variability
among many citrus species. including mandarins [96, 97], sweet
oranges [96], citrons [98], and acid limes [99], and have identified
different groups within those populations based on their genetic
structures. The analysis of genomes of large populations of
citrus species has revealed the hybridization and admixture
patterns of citrus cultivars as a part of the domestication process.
Accordingly, different admixed mandarin groups, with different
degrees of pummelo introgressions [11, 50|, sweet oranges and
grapefruits as mandarin/pummelo admixtures [100], and limes
and lemons as admixtures of two or several ancestral species
[101] have been identified. Furthermore, the hybrid origins of
grapefruits (pummelo-sweet orange hybrids) and sour oranges
(pummelo—mandarin hybrids) have previously been reported [S0].
In addition, previous findings have revealed the association of
genetic diversity with geography and climatic conditions [95], and
phenotypic variations [102]. These studies help enormously in the
breeding of citrus with genetic diversity and local adaptations to
specific climatic and environmental conditions and will facilitate
their conservation.

A comparison of citrus with other horticultural
species revealing the unique features of citrus
genomic research
Citrus genomics is unique and distinct compared with other
horticultural species due to its unique biology, breeding sys-
tems, specific focus on diseases, and economic importance. Citrus
species exhibit a complex genetic make-up with a combination of
biological and reproductive traits and characteristics, such as a
highly heterozygous nature, hybridization, apomixis and nucellar
polyembryony, pollen and ovule sterility causing incompatibility,
long juvenility, and polyploidy [103, 104]. Although other horti-
cultural species have some of these traits, this combination of
characteristics is rare. Citrus species also have a complex domes-
tication history with some cultivars, such as oranges, grapefruits,
limes, lemons, and mandarins, showing complex interspecific
hybridizations and admixtures of three ancestral species [50].
In contrast, some other horticultural species, including lettuce
(Lactuca sativa) [105], carrot (Daucus carota) [106], pepper (Capsicum
spp.) [107], and spinach (Spinacia oleracea) [108], are known to have
a simple domestication history involving a smaller number of
ancestral species, minimum genetic changes, and fewer traits
selected for human use. Citrus species also show a complex evo-
lutionary history involving many chromosomal changes resulting
in a basic chromosome number of 9 that is specific to citrus [44].
Citrus genomic research has devoted considerable efforts to
combating diseases that are specific to citrus. The main types
of diseases are HLB, citrus canker (bacterial diseases), and CTV
virus. A lot of studies have focused on identifying the genetic
basis of these diseases, the interactions between vectors and
pathogens, the resistance genes in the plants, and other manage-
ment strategies using genomic approaches [40, 109-111]. Seed-
lessness is another top priority in citrus due to high consumer
preferences and market demands [112], and is less critical in
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many other horticultural crops, where other traits, such as size
and shape of fruits, texture and flavor of fruits, nutritional values,
biotic and abiotic stress resistance, high yield, and short juvenility,
are among the top-priority breeding goals [113, 114]. Seedless-
ness in citrus is mainly due to parthenocarpy coupled with self-
incompatibility, [115], female and male sterility, and embryo abor-
tion [112], and has been achieved artificially through a variety of
genomic approaches, such as ploidy manipulation [116], gamma
irradiation [117], hormone application, crossbreeding [118], and
gene editing [119]. Citrus genetic research has had a focus on
complex biological and reproductive characteristics, specific dis-
ease resistance challenges, and other fruit quality traits, such
as seedlessness, that have been extensively studied through a
combination of conventional and modern genomic approaches.
These research strategies have been distinct in citrus compared
with other horticultural plants.

Conclusions, limitations, and future
perspectives

Citrus genomes have been improved tremendously since 2013 in
terms of their completeness, contiguity, phasing, and reduction
in gaps. This has greatly facilitated a significant understanding
of gene structures and their precise locations, structural variants,
resistant mechanisms towards biotic and abiotic stresses, and the
genetic mechanisms underpinning many physiological and devel-
opmental processes and evolutionary events. These genomes will
also be undoubtedly utilized in future citrus improvement. There
is no one powerful assembly method applicable to all genomes
due to different complexities, heterozygosities, and repeat con-
tents of different genomes. Therefore, the optimal assembly and
annotation pipelines have been tested for these genomes and are
continuously being tested and improved. Although phasing was
not feasible a few years ago, techniques have been significantly
improved to fully resolve haplotypes and to investigate the switch-
ing errors between haplotypes. Therefore, monoploid genomes are
now being rapidly replaced with haplotype-resolved genomes and
have led to many major discoveries about haplotype variations.
Among citrus genomes, the largest number of genomes (six) are
currently available for C. sinensis as it is one of the widely used
cultivars worldwide.

Despite the availability of many citrus genomes, this thor-
ough survey identified some gaps and limitations, which might
be worth addressing in the future to better understand citrus
biology. Although the early genomes for major cultivars have been
updated recently with advanced sequencing technologies, there is
still only one genome available for C. clementina, which was based
on Sanger sequencing reads. It can be greatly improved by using
the recent sequencing techniques that most of the other genomic
studies have used. Although the genomes of Australian wild limes
revealed many immunity- and abiotic stress-related genes, they
have not yet been associated with phenotypic and expression
data pertaining to HLB disease and abiotic stresses, making it
impossible to fully understand their resistant mechanisms in
response to these conditions. However, the availability of high-
quality genomes for Australian limes has provided unprecedented
opportunities for future research to study the differential expres-
sion and epigenetic-mediated regulatory mechanisms involved in
response to such conditions.

Moreover, the development of gapless genomes has been
attempted in citrus by filling the gaps in the initial contig assem-
blies with highly precise HiFi reads and ultra-long ONT reads. The
two genomes that have been claimed as gapless were not T2T

for all chromosomes, and therefore the question of considering
them as gapless arises. The genomes of Australian wild limes were
also not T2T (therefore not gapless) due to the presence of large
tandem arrays of satellite repeats and extensive ribosomal RNA
gene repeats, which could not be spanned by PacBio HiFi reads.
The gene completeness of assemblies is primarily determined
by sequencing technologies, read coverage, and the assembly
strategies used (at contig and scaffolding levels). This survey
identified some of the latest genomes with <96% BUSCO scores
probably due to low coverage with accurate sequencing and
assembly. Some genomes had high coverage of data, however the
BUSCO scores were <96%, which might be due to the sequencing
accuracy, assembly strategies used and different lineages used for
BUSCO analysis. The gene completeness of most of the genomes
has been assessed by BUSCO score only, which might not be
sufficient, and other measures, such as LTI and CEGMA, could
provide more information regarding completeness. The Hi-C
data provide long-range linkage information for scaffolding. The
recommended Hi-C read depth for genome assemblies is >200
million read pairs (400 million reads)/Gb of haploid genome size.
The read depths of the sequenced genomes of the Australian wild
limes were well beyond that [18]. Despite the high read depths,
the Australian genomes depended upon reference assemblies in
developing pseudochromosomes. This is due to the fact that Hi-C
data alone were not able to assign the contigs into scaffolds for
some chromosomes and therefore the generated scaffolds had to
be aligned with another reference genome to get more complete
assemblies. However, some other species, such as Mangifera indica
[120], with a similar genome size (~360 Mb), have only used PacBio
HiFi reads to get T2T assemblies. The reason for not being able
to get T2T assemblies for citrus with PacBio HiFi reads and Hi-C
reads with a high coverage of data is primarily due to complex
repetitive regions, particularly at the terminal regions of the
chromosomes. Therefore, future sequencing programs should
focus more on achieving T2T assemblies using, for example, ultra-
long ONT reads to close the remaining gaps and to uncover all
the important hidden structural elements in these genomes.

Currently haplotype resolution has been performed either by
de novo or reference-guided methods. The de novo assembly-based
phasing methods are considered to be more comprehensive,
where they use Hi-C signals on initial de novo phased contigs
for scaffolding. When considering the reference-guided variant
phasing methods in citrus, some approaches have used the
alignment of contigs against the parental reference genomes to
differentiate the haplotypes; however, this method is limited due
to the quality of the reference assemblies, repeats, sequencing
errors, and depth. In contrast, trio-binning-based phasing (where
the long reads of an F; hybrid are partitioned into two haplotypes
based on parental short reads) is known to perform exceptionally
well in achieving highly contiguous and accurately phased
contigs [121]. However, the majority of citrus genomes have used
Hi-C-based de novo phasing due to the lack of parental short
reads. Despite their importance, phased genomes have not yet
been developed for many important citrus and related genera,
including P. trifoliata. The phasing of P. trifoliata will be important
to uncover the haplotype variations underlining the resistance
mechanisms against HLB, CTV, Phytophthora, and nematodes.

To date, all the available citrus assemblies are diploid. Genomes
of the triploid and tetraploid species are not yet available, due
to the complexity of assembling higher-ploidy genomes. However,
ploidy genomes have been reported for many other plants over
the past decade with more recent sequencing methods [122, 123].
High-quality genomes of triploid varieties will be important to
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better understand the genetic basis of seedlessness, and genomes
of other higher polyploids will be important to understand citrus
evolution. Moreover, despite the importance of pangenomes, there
are only three pangenomes currently available for citrus, which
are based on unphased genomes. Pangenomes are important to
capture the total genes in a particular species; for example, dif-
ferent accessions of P. trifoliata have different degrees of resistance
to HLB disease [124]. The development of more phased genomes
in the future will enable the construction of more comprehensive
pangenomes to better capture the total allelic variants, and allow
analysis of allele-specific expression in a particular citrus species
or populations.

Based on the available information, citrus genomics research
faces several challenges. Citrus species are found to have
complex and highly heterozygous genomes, polyploidy, and high
levels of complex repetitive regions, which have complicated
genomic studies. The integration of epigenomics, transcriptomics,
metabolomics, proteomics, and phenomics with genomics to
understand trait development is still a significant challenge and
is still in its infancy. Traits such as nutritional quality, shelf life,
and flavor are regulated by complex genetic mechanisms, which
need to be fully understood. Citrus has complex reproductive
biological characteristics, such as long juvenility, nucellar polyem-
bryony, different levels of male and female sterility, and self-
incompatibility, and other obstacles such as poor seed and pollen
development in some cultivars, which have hindered traditional
breeding in citrus. Furthermore, conventional hybridization
requires 25-30 years to produce commercial cultivars [103].
Moreover, due to the considerable public concerns about the
environmental impacts and human health of genetically modified
plants having foreign genes from other species, technologies
such as gene editing, cisgenesis, and intragenesis need to be
used in citrus; however, research on their application is still
limited [125].

Future breakthroughs in citrus genomics research could
arise from advances in technology, data integration, and new
breeding techniques. Long-read sequencing technologies such
as PacBio HiFi and ONT, linkage information provided by Hi-
C or other technologies may be essential in producing more
complete genomes de novo, overcoming obstacles related to
high heterozygosity and repetitive regions. CRISPR/Cas-based
gene editing systems, cisgenesis, intragenesis, and transgrafting
technologies will be increasingly adopted in developing varieties
with improved biotic and abiotic stress resistance and fruit
quality. The validation of candidate genes for desirable traits can
be achieved by RNA interference (RNAi) and CRISPR knockouts.
Multiomics and single-cell genomics approaches will allow a
better understanding of complex traits such as flavor, aroma,
diseases, and abiotic stress responses. The prediction of complex
traits such as yield, flavor, and disease resistance could be
accelerated by artificial intelligence-based tools, and genomic
selection would be accelerated by machine learning methods.
Moreover, the development of comprehensive databases with
well assembled and annotated genomes and other omics data for
citrus would be essential for accelerating future citrus research.
Improved collaboration among researchers worldwide to share
their discoveries and the involvement of growers, breeders,
and consumers in collecting accurate data to accelerate trait
discovery will be of utmost importance. These strategies will
enable the existing challenges in citrus genomics research to
be addressed to deliver trait improvement and will ensure more
sustainable citrus production to face environmental and market
pressures.
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