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Abstract

We performed genomic analyses on wild species of the genus Citrus to identify major
determinants of evolution. The most notable effect occurred on the pathogen-defense
genes, as observed in many other plant genera. The gene space was also character-
ized by changes in gene families intimately related to relevant biochemical properties
of citrus fruit, such as pectin modifying enzymes, HDR (4-hydroxy-3-methylbut-2-
enyl diphosphate reductase) genes, and O-methyltransferases. Citrus fruits are highly
abundant on pectins and secondary metabolites such as terpenoids and flavonoids, the
targets of these families. Other gene types under positive selection, expanded through
tandem duplications and retained as triplets from whole genome duplications, cod-
ified for purple acid phosphatases and MATE-efflux proteins. Although speciation
has not been especially rapid in the genus, analyses of selective pressure at the codon
level revealed that the extant species evolved from the ancestral citrus radiation show
signatures of pervasive adaptive evolution and is therefore potentially responsible for
the vast phenotypic differences observed among current species.

and therefore constitute valuable resources for plant breeding
programs.

Evolution operates at a broad spectrum of genomic scale, from
large chromosomal rearrangements to small changes affecting
single nucleotides, and protein-coding genes are still a major
focus to understand how species adapt (Chen et al., 2018).
From an applied research standpoint, evolutionary studies
may help to identify specific gene families or members within
each family that greatly influence the biology of the species

Abbreviations: dN, nonsynonymous; dS, synonymous; BAM, Binary
Alignment/Map; GO, Gene Ontology; HDR, 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase; LRT, likelihood ratio test; OMT,
O-methyltransferase; SNP, single nucleotide polymorphism; VCF, Variant
Call Format; WGD, whole genome duplications

Gene duplications, including both tandem and whole
genome duplications (WGD), are of major relevance for evo-
lution because they allow amplification and diversification
of gene functions (Qiao et al., 2019). Duplicates retained
after fractionation (i.e., return to the original ploidy) pro-
vide valuable insights on both gene relevance and specia-
tion (Ren et al., 2018). Gene duplications play an impor-
tant role not only during evolution but also in domestica-
tion. In maize (Zea mays L.), for example, thousand DNA
segments, often including genic sequences, can be identified
as presence/absence variations even between nearly identi-
cal genotypes (Springer et al., 2009), and structural varia-
tions were reported among citrus cultivars (Terol et al., 2015).
Underlying the gene level, nucleotide changes and codon
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substitution models implemented within maximum likelihood
and Bayesian frameworks have become the standard to infer
the history of natural selection of a gene sequence at the
molecular level (Anisimova & Kosiol, 2009). The power of
these models can be increased by analyzing the effects among
nucleotides (NSsites analysis) and lineages (branch analysis)
to overcome the limitations of averaging substitution rates
along the entire gene sequence (Anisimova & Kosiol, 2009).
Several examples illustrate how such studies in genome-wide
scans may reveal new insights into episodic positive selection
during speciation (Anisimova & Kosiol, 2009; Burri et al.,
2010; Nielsen et al., 2005; Zhang, 2003) and identify critical
amino acids targeted by evolution (Sawyer et al., 2005; Anisi-
mova & Kosiol, 2009).

In regard to citrus, exploration of the evolutionary forces
is timely because the genealogical relationships of ancestral
citrus species and the parental relationships of cultivars were
recently redefined (Wu et al., 2018). According to this anno-
tation, ancestral citrus originated in the Himalayan foothills
and diversified in a rapid radiation during the late Miocene to
give rise to the current wild species; however, as of yet there
is no evidence to indicate whether selective pressures played a
major role. Although these ancestral relatives are pure acces-
sions where no foreign introgressions were identified, edi-
ble cultivated citrus (oranges, grapefruits, and modern man-
darins, including the Citrus reference Citrus clementina) are
mostly admixtures of ancestral species of pummelo [Citrus
maxima (Burr. f) Merr] and mandarin (Citrus reticulata), the
latter of which are represented in our work by Tachibana
(TBM) and Sun Chu Kat wild mandarins (SCM). Half of
the genome of acidic cultivated citrus comes from ances-
tral citron (Citrus medica L.), whereas other nonedible cul-
tivars are predominantly hybrids among these three ances-
tral species or other wild citrus. We analyzed the evolution
of the shared gene space among selected wild pure accessions
that were previously used for phylogenetic inference of cit-
rus for selective pressure at the codon level to determine the
extent to which adaptation has played a role in the recent cit-
rus radiation, with a special focus on the three pivotal species
(i.e., pummelo, mandarin, and citron) from which most cur-
rent domesticated varieties derive. We combined analyses
of presence/absence gene polymorphisms, duplications, and
gene family overrepresentation in the whole set of genes to
depict major determinants of evolution in citrus. It is currently
accepted that domestication is a form of natural evolution and
constitutes one of several driving forces that shape species
biology (Meyer & Purugganan, 2013). Thus, we investigated
the genomic signatures of both natural and artificial selection
on wild and domesticated accessions, and, for simplicity, the
results were divided in two papers. Here, we discuss the evolu-
tionary determinants, while our companion paper focuses on
the elucidation of domestication signatures (Gonzalez-Ibeas
etal., 2021).

Core Ideas

* Major genomic determinants of the citrus biology
targeted by evolution are determined.

* Evolution affected genes families regulating bio-
chemical characteristics of citrus fruit.

* Pervasive adaptation played an important role dur-
ing the citrus radiation.

2 | MATERIALS AND METHODS
2.1 | Single nucleotide polymorphism
identification

DNA HiSeq Illumina reads from whole genome sequenc-
ing projects were retrieved from repositories (Supplemental
Table S7) and quality filtered with custom Python scripts
(Phred score >30, read length 100 bp). Trimmed reads
were mapped on the clementine haploid reference genome
(v1.0, Phytozome; Goodstein et al., 2012) with bwa-mem
(v0.7.15-r1140) (Li & Durbin, 2009), setting -r 1.2 option.
Polymerase chain reaction duplicates were removed using
Picard MarkDuplicates (v1.139) (http://broadinstitute.github.
io/picard/) deployed in GATK (Van der Auwera et al., 2013).
Only reads of mapping quality >10 and uniquely mapped
on the genome were used for single nucleotide polymor-
phism (SNP) discovery. Single nucleotide polymorphisms
were called with GATK HaplotypeCaller (v3.8-1-0) (Van der
Auwera et al., 2013) with default parameters and with sub-
sequent filtering as set in (Wu et al., 2018). Only bi-allelic
SNPs are used in this analysis. Variant Call Format (VCF)
files were processed with the GATK tools for additional fil-
tering, including read base quality score (>30), quality by
depth (>2.0), Phred-scaled P-value using Fisher’s exact test
to detect strand bias (<60), read mapping quality (> 40),
Z-score From Wilcoxon rank sum test of Alt vs. Ref read map-
ping qualities (>—12.5), Z-score from Wilcoxon rank sum test
of Alt vs. Ref read position bias (>—8.0). VCFtools (v0.1.13)
(Danecek et al., 2011) and custom Python scripts were also
used to filter VCFs by position.

2.2 | Selective pressure analysis and
identification of the shared gene space

Selective pressure was analyzed in the 12 wild pure citrus
species of the new established phylogeny (Figure 1). In addi-
tion to a well-defined phylogeny, these analyses typically
require and start by the identification of orthologs among the
species to be analyzed. We took advantage of the high lev-
els of collinearity and genome structure conservation among
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Microcitrus australis ~ (ARR) Australian round lime @
Microcitrus australasica (AFR) Australian finger lime ===
Eremocitrus glauca ADR) Australian desert lime «»

Fortunella margarita  (FOR) Kumgua_t o
Citrus tachibana TBM; Mandarin

Citrus reticulata SCM) Mandarin (€]
Citrus medica HUM) Humpang citron

Citrus maxima LAP) Low acid pummelo

Citrus micrantha (MIC) Micrantha

Citrus ichangesis ~ (ICH) Ichang papeda

Citrus mangshanensis  (CMS) Mancrls anensis a
Poncirus trifoliata (PON) Trifoliate orange

FIGURE 1 Phylogeny of Citrus (Wu et al., 2018) showing the 12
species under study. Species ancestral to most citrus cultivars include
the citron (Citrus medica L., highlighted in green), pummelo [Citrus
maxima (Burm. f.) Merr., highlight in yellow], and mandarins [Citrus
tachibana (Makino) T. Tanaka and Citrus reticulata Blanco,
highlighted in orange].

citrus (He et al., 2020), and we followed a mapping approach
as a proxy of orthology. DNA HiSeq Illumina reads from
whole genome sequencing projects deposited on reposito-
ries (Supplemental Table S7) were filtered (Phred quality
base >30, length 100 bp) and mapped on the clementine ref-
erence genome (v1.0, Phytozome) (Goodstein et al., 2012)
with bwa-mem (v0.7.15-r1140) (Li & Durbin, 2009) to gener-
ate Binary Alignment/Map (BAM) files, setting -r 1.2 option.
Polymerase chain reaction duplicates were removed using
Picard MarkDuplicates (v1.139) (http://broadinstitute.github.
io/picard/) deployed in GATK (Van der Auwera et al., 2013).
Reads flagged as properly paired were selected with Samtools
(v1.9) (Li et al., 2009). Sequencing depth per nucleotide was
also calculated with Samtools. Protein-coding gene features
were extracted from the GFF3 annotation files of the clemen-
tine reference genome (v1.0, Phytozome) (Goodstein et al.,
2012). For each protein-coding gene and for each sample,
read coverage was estimated just for coding DNA sequences.
Introns and untranslated regions (UTRs) were excluded. Next,
percentage of coding nucleotides supported by at least four
reads on average was used as the value of read coverage for
each gene. Genes with 100% DNA read coverage (i.e., every
nucleotide represented by DNA reads) for the 12 pure species
simultaneously were defined as the “shared gene space” and
used as orthologs for the analysis. The number of genes to be
analyzed is probably an underestimation due to the stringent
threshold, but this way we ensure that every single nucleotide
of every gene is represented by sequencing data for proper
data input for the next steps. The SNPs were identified from
BAM files to generate the VCF files (see above). A consen-
sus sequence of the genome for each sample was generated
from VCEF files with bcftools (Li et al., 2009). The nonsyn-
onymous (dN)/synonymous (dS) rate ratios (@ = dN/dS) were
calculated with codeml from the PAML package (v4.9) (Yang,
2007) for protein-coding genes, taking the citrus phylogeny as
reference. Overrepresented Gene Ontology (GO) categories

in gene sets in relation to all GO terms from the whole set of
annotated genes (GO annotation background) were identified
with the Babelomics suit (v5.2.5) (Alonso et al., 2015).

2.3 | Statistical models of selective pressure
analysis with PAML

Models and evolutionary tests that were used included (a)
the model MO (one ratio), which assumes the same o for
all branches in the phylogeny and for all sites in the gene
was utilized to estimate average omega values of genes. (b)
The paired models M1a-M2a and M7-M8 were compared
(M2a against M1a and M8 against M7, df = 2) to identify
codons under positive selection when o is allowed to vary
among sites of the protein (NSsites models). Pair M1a-M2a
was used as a replacement of the old M1-M2 models as sug-
gested (Yang, 2007). The likelihood ratio test (LRT) was used
to compare the log likelihoods of nested models (Anisimova
& Kosiol, 2009) and statistically significant genes were iden-
tified according to the chi-squared test, calculated with the
chi2 tool from PAML. The Bayes Empirical Bayes procedure
was used to identify the codons under positive selection when
the LRT was significant and when the posterior probabilities
for site classes were >0.95. The Naive Empirical Bayes was
not used in the calculations as suggested (Yang, 2007). (c) The
two-ratios branch model was used to identify genes under pos-
itive selection acting on particular lineages (defined as fore-
ground lineages), because the omega ratio is allowed to vary
among branches of the phylogeny. Lineages of interest (cit-
ron, pummelo, and mandarin) were flagged in the unrooted
tree as foreground branches and the rest of species as back-
ground following PAML labeling rules of the phylogenetic
tree in Newick format. The lineages were analyzed in indepen-
dent runs. The analysis of mandarins was split into two addi-
tional runs: mandarins flagged as a single node (“node” man-
darin) and mandarins flagged as separate branches (“clade”
mandarin). (d) The branch-site model A (so-called alterna-
tive model) was used in the branch-site test of positive selec-
tion affecting a few codons along particular lineages. Omega
value was fixed to 1 in the null model and was estimated from
data in the alternative model, and both were compared by LRT
for significance. Citron, pummelo, and mandarins were set as
foreground branches similarly to the branch model. The Bayes
Empirical Bayes procedure was used to identify the codons
under positive selection when the LRT was significant and
when the posterior probabilities for site classes were >0.95.
Finally, (e) the free-ratios branch model (M1), which assumes
independent ® values for each branch, has been successfully
applied previously in citrus (Wang et al, 2017a), but it is con-
sidered very parameter-rich by developers (Yang et al, 2007).
Thus, in our work we used the two-ratios branch model to get
statistical significance at genome scale for particular branches
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of interest (i.e., citron, pummelo, and mandarin), while M1
model was only used to manually explore major evolutionary
trends within each gene.

24 |
space

Analysis of novel lineage-specific gene

A reference genome assembly is available for pummelo (LAP;
low acid pummelo) and citron (HUM; Humpang citron),
but not for TBM and SCM. Thus, in order to keep consis-
tency and avoid a bias against mandarins, a de novo genome
sequence assembly was done for every sample. Unmapped
reads on the clementine reference genome were extracted
from the previously generated BAM files (see above, before
any additional filtering) with samtools (v1.9) (Li et al.,
2009) by using the flag 4. FASTQ files were recovered
with the fastq option. Reads in FASTQ format were qual-
ity trimmed with Sickle (v1.33) (Joshi & Fass, 2011), set-
ting read quality threshold to 30 and read length to 45 nt. Fil-
tered reads were assembled with SPAdes (v3.11.1) (Banke-
vich et al., 2012) with default parameters. Only contigs
of >1Kb in length were further analyzed. Contigs were blasted
against the chloroplast (accession DQ864733.1) and mito-
chondrial (accession NC_037463.1) genome sequence from
C. sinensis, and hits with >70% of length and >90% of
nucleotide identity were considered of organelle source. Read
depth coverage for each contig was calculated by mapping
the input reads on assembled contigs with bowtie2 (Lang-
mead & Salzberg, 2012) with default parameters. Contigs
were annotated by blasting the DNA sequences against the
nonredundant protein sequence database of GenBank (http://
www.ncbi.nlm.nih.gov/genbank/) with tblastx (Altschul et al.,
1990). Blast results in XML format were processed with the
NCBIXML library of Biopython (v1.72) (Cock et al., 2009).
Only hits with >90% of coverage, >50% sequence iden-
tity, and E-value <1le-05 were considered. Functional anno-
tation of potential gene loci was carried out with Blast2GO
(v5.2.4) (Conesa & Gotz, 2008). Circos (v0.69-8) (Krzywin-
ski et al., 2009) was used for data visualization in circular
layouts.

2.5 | Gene duplication analysis

For whole genome duplication analysis, the clementine ref-
erence genome (v1.0, Phytozome) and the associated anno-
tation files in GFF3 format were used as input for a self-
comparison analysis by aligning the genome against itself
using LastZ (Harris, 2007). Two genes were used as the
minimum number of aligned pairs for DAGchainer (Haas
et al., 2004) during analysis of collinearity. Coding sequence
divergence was measured via dS changes for homeologous

protein coding gene pairs as calculated with codeml from
the PAML package. Homeologs represented by three copies
in identified syntelogs were used as WGD-derived triplets.
The same procedure was applied to identify homeologs in
seven additional species within the Malvid clade by aligning
their genomes with the clementine genome. The accessions
included Eucalyptus grandis (v2.0, Phytozome), Dimocarpus
longan (Lin et al., 2017), Arabidopsis thaliana (TAIR10, Phy-
tozome), Capsella rubella (v1.0, Phytozome), Carica papaya
(ASGPBV0.4, Phytozome), Gossypium raimondii (v2.0 Phy-
tozome), Theobroma cacao (v1, https://cocoa-genome-hub.
southgreen.fr). Overrepresented GO categories in gene sets
were identified with the Babelomics suite (v5.2.5) (Alonso
et al., 2015). Syntelog visualization and plotting was done
with the GenomeDiagram Python library (Pritchard et al.,
2006). Gene duplicates in tandem were retrieved from the
raw output of the CoGe package based on gene annotations
in the reference clementine genome. Gene presence/absence
polymorphisms were estimated in pure accessions (citrus phy-
logeny), hybrids, and admixtures according to their mapping
coverage in the different samples (the same method used
to identify the “shared gene space”, see above, but apply-
ing different read coverage cut-offs). Genes with read cov-
erage of >90% in a sample were considered as “present”,
with <10% were considered as “absent,” and ranging from
10 to 90% were flagged as “diverged” or containing struc-
tural variants. Gene coverage data were plotted as a heat map
(samples vs. genes) with Python. For identification of pro-
tein domains overrepresented in citrus, Pfam domain data
sets were downloaded from PLAZA (dicots v04) (Van Bel
et al., 2018) for organisms listed on Supplemental Table S4.
Phylogenetic analysis of protein sequences was performed
with MUSCLE (v3.8.31) (Edgar, 2004) for protein sequence
alignment, RaxML (v8.2.11+dfsg-1) (Stamatakis, 2014) for
tree generation ,and FigTree (v1.4.4) (http://tree.bio.ed.ac.uk/
software/figtree/) for tree visualization.

3 | RESULTS AND DISCUSSION

3.1 | Selective pressure at the codon level

DNA reads from 12 pure citrus species were mapped to the
clementine genome (Wu et al., 2014), identifying an average
of 857,214 SNPs per sample (Figure 1). There was high vari-
ability among accessions, ranging from 398,359 SNPs in C.
tachibana (Makino) T. Tanaka to 1,159,792 SNPs in Poncirus
trifoliata (L.) Raf. Coding DNA sequences had the lowest per-
centage of polymorphisms, compared to UTRs and introns.
We identified a subset of 13,199 genes (54% of 24,533 anno-
tated loci) with full read coverage in all species, defined from
now on as the shared gene space, which was further ana-
lyzed for selective pressure at the codon level. Nucleotide
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substitution rates of dN and dS sites were explored with
PAML from three perspectives: evolution across the whole
tree, per branches and per nucleotide sites. Omega values of
all genes for the whole citrus tree showed a typical distribution
with most genes subject to purifying constraints (o < 1) (Sup-
plemental Table S1.0). Selective pressure per branches was
analyzed for the three parental species of domesticated citrus,
namely mandarin, citron, and pummelo, by means of the free-
ratio (Supplemental Table S1.1), branch (Supplemental Table
S1.2), and branch-site (Supplemental Table S1.3) PAML anal-
ysis to identify episodic positive selection. At most, only a few
tens of genes were identified under positive selection through
the branch analysis and no significant genes were retrieved
by the branch site test (Supplemental Table S1.2). In contrast,
9,676 genes showed significant evidence of codons evolving
under pervasive selection (NSsites analysis), where 4,377 of
these genes had identifiable evolving codons (Supplemental
Table S1.4), ranging from 1 to 55 codons/gene (4 on average),
affecting 24,210 amino acids.

Genes subject to any type of selective force were evenly
distributed along the genome, except for being nearly absent
in centromeric areas. Some minor biases were observed, for
example, lower densities of positively selected genes at the
start of chromosomes 5 and 6. However, as these gene clus-
ters were absent in some species and therefore outside of
the shared gene space, they were excluded from the analy-
sis (Figure 2). Genes were ranked according to the number of
codons evolving under selection or their associated P-value
in order to identify overrepresented GO categories by the
logistic model of the Babelomics suite (Supplemental Table
S2). Genes involved in host defense against pathogens (e.g.,
NBS-LRR genes, including both Toll/Interleukin-1 recep-
tor resistenance protein and coiled-coil domains) comprised
one of the main categories identified. Protein phosphoryla-
tion and cellular signaling (generally kinases) GO categories
were also identified, as well as those related to carbohydrate
metabolism, including starch and sucrose metabolism, and
to the regulation of cell wall biosynthesis. This last cate-
gory was represented by pectin modifying enzymes (pectin
lyases, pectin methylesterases, and their cognate inhibitors)
and genes implicated in cellulose biosynthesis. Ion transmem-
brane transport (G0O:0034220), including glutamate recep-
tors and cyclic nucleotide-gated ion channels, was also an
overrepresented category. On the contrary, GO terms related
to basic cellular processes were mostly represented in the
set of genes with a low proportion of codons under selec-
tion, such as translation (GO:0006412), ribosome biogene-
sis (GO:0042254), electron transport (GO:0006118), or reg-
ulation of translational initiation (GO:0006446). Other genes
under positive selection potentially related to the citrus biol-
ogy were two genes coding for citrate lyases and four genes
of isocitrate dehydrogenases. Genes under selective pressure
that are related to other findings reported in the next sections

are, for instance, MATE-efflux transporters and purple acid
phosphatases.

32 | WGD

Unlike many other angiosperms, no recent WGD has
been reported in citrus; however, remnants of the ancient
hexaploidy (aka gamma) event shared by all eudicots can be
tracked. A self-genome comparison of sequence similarity
and collinearity of the clementine genome revealed that 3,433
genes were organized in 246 syntelogs, ranging from 51 Kb
to 1.8 Mb in length (358 Kb on average). Out of these, 612
genes were located in regions syntenic to two other intrage-
nomic regions, that is, they were structured in 204 triplets
that grouped in 68 syntelogs. The genome organization of
this set of syntelogs, which was used for downstream analysis,
was highly shuffled along all chromosomes (Figure 2). Sev-
enty nine percent of these genes were supported by expression
data (Terol et al., 2016), and 73% showed 100% read cover-
age (99.6% on average), revealing extremely high gene reten-
tion and sequence conservation (Supplemental Figure S1b1),
in agreement with other works (Yuan et al., 2019). We further
extended the analysis by the same procedure to seven addi-
tional Malvids outside the genus Citrus to analyze citrus spe-
ciation in phylogenetically close relatives. In contrast to citrus,
the number of shared genes was highly variable among these
Malvid species, ranging from 8 in Arabidopsis to 229 in cocoa
(Supplemental Figure S1a2).

Gene retention from the paleohexaploidy event and high
conservation among citrus species implies relevance, but
some of these genes are more easily related to the biological
features of citrus due to their molecular function or the bio-
logical process that they are involved in, such as purple acid
phosphatases, pectin methylesterase inhibitors, phenylalanine
ammonia lyases, MATE efflux proteins, and squalene epoxi-
dases (Supplemental Table S3, see Discussion). A triplet syn-
telog of pectin lyase genes is fully conserved in all pure citrus
species but evolved differentially at the level of selective pres-
sure in pummelo (Figure 3b) and potentially related to citrus
fruit size regulation (Gonzalez-Ibeas et al., 2021).

3.3 | Gene duplication, gain and loss in citrus
Tandem gene duplication deeply affected the clementine
genome as expected, because a total of 13,357 genes (nearly
50%) were grouped in 3,250 clusters (Supplemental Table
S4). Clusters included 2 to 52 genes (4 genes on aver-
age) and ranged from 1 to 134 (3 clusters on average)
per protein domain (Figure 2, Track T1). Main categories
included kinases, leucine-reach repeats, pathogen-resistance
genes, cytochrome P450, pentatricopeptide repeats, and
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FIGURE 2

Circos diagram of the clementine (Citrus clementina) genome, the reference genome for citrus (Wu et al., 2014). Each ideogram

represents a chromosome. Track 1 (T1) represents density of gene duplications in tandem. The more intense the purple color, the higher the number

of genes contained. Clusters of O-methyltransferases (OMTs) are highlighted with purple arrows. Track 2 (T2) represents genes where at least one

codon has been identified under selective pressure by NSsites—-PAML analysis. Red areas contain genes that held the highest number of evolving

codons. Tracks 3—6 represent genes where omega () value, calculated by the free-ratios PAML analysis, was substantially greater in one lineage

relative to other lineages. Ribbons connect duplicated areas (syntelogs) derived from the paleohexaploidy event shared by eudicots

methyltransferases. In general, the number of clusters per
family correlated positively with gene family size, point-
ing to tandem duplication as the main mechanism of expan-
sion. Similar to the selective pressure analysis (see above),
pathogen-resistance genes were greatly affected by tandem
expansion and presence/absence polymorphism among acces-
sions, with the xerophyte Eremocitrus glauca representing the
most extreme case (Supplemental Figure S2).

Predicted citrus protein domains were compared with 51
noncitrus organisms to identify overrepresented domains,
which would have a higher likelihood of being citrus-specific
determinants. A complete list of results is provided in Supple-
mental Table S4. The largest expansion occurred within the

O-methyltransferases (OMTs) of Family 2 (domain PFO0891;
Figure 3), which expanded largely in tandem (80% of mem-
bers in 20 clusters; Figure 2, purple arrows). Functional
annotation characterized half of these proteins as caffeic
acid methyltransferases, and the other half as methylases of
small phenolic acids (e.g., orcinol and eugenol) and more
complex flavonoids (e.g., quercetin) (see Supplemental Text
S1). Another interesting expansion was that of the HDR
(4-hydroxy-3-methylbut-2-enyl diphosphate reductase; also
called LytB) gene, involved in terpenoid biosynthesis, that
exhibits up to four copies in citrus genomes, the largest expan-
sion in the set of plants analyzed here, because most of them
only harbor one copy (Supplemental Table S4). Within the
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lyases (y-axis, one gene per row) in different citrus accessions (x-axis), represented by a color scale of DNA read mapping coverage (color = gene

present; white = gene absent). Genomes of pure citrus species used in the phylogenetic tree presented in Figure 1 are highlighted with an asterisk,

whereas the clementine (Citrus clementina) reference is highlighted in bold. (b) Codon selective pressure summary: gene belongs to the shared gene

space (grey, 1st column); gene with codons identified under selective pressure by the NSsites codeml analysis (black, 2nd column); branch—omega

value calculated by the free-ratio codeml analysis (columns 3-6) in Humpang citron (HUM, green), Tachibana (TBM, orange), Sun Chu Sha (SCM,
orange), and low acid pummelo (LAP, yellow). Gene Ciclevi0019941m.g (flagged with a mandarin image) showed a markedly higher
free-ratios-omega value in pummelo and was identified as potentially involved in fruit size determination as a part of the analysis of single nucleotide

polymorphism (SNP) data and pummelo introgression (companion publication, Gonzalez-Ibeas et al., 2021). (c) Representation of the exon/intron

structure: green = exon, grey = untranslated regions (UTR), empty = intron. Gene length is scaled to the longest one.

Malvid clade, the expansion appears to be relatively recent
and specific to citrus, as the four citrus genes grouped by
species instead of following orthologous relationships (Sup-
plemental Figure S3). Indeed, this gene seems to have under-
gone recurrent expansions along evolution in a few plant
species with high terpenoid content. Thus, it was expanded
to three copies in carrot (Daucus carota L.) and pepper (Cap-
sicum annuum L.) (Supplemental Table S4), two species char-
acterized by high carotenoid content, similar to citrus. The
genome of cotton (Gossypium L.) (a species that shows ele-
vated levels of mono- and sesquiterpenoids) also harbors three
copies of this gene. It is worth noting that Arabidopsis has
only one copy after two rounds of lineage-specific WGD,
which further suggests that this gene expanded in several non-
related species likely on the basis of functional requirements.

Furthermore, HDR copies in citrus were located in tandem
to form a cluster (Supplemental Figure S3B), in contrast to
other species examined (Brassica rapa L., and carrot had two
and three copies, respectively, located on two different chro-
mosomes), suggesting that those expansions occurred by dif-
ferent mechanisms. Presence/absence polymorphisms in cit-

rus showed that one of the HDR genes (Ciclev10029878m.g)
was not present in citrons, pummelos (except low-acid
pummelo), Australian lime (Microcitrus sp.), or Micrantha
(Citrus micrantha, Wester), suggesting copy number variation
within the stable genome architecture of citrus. The proper
exon/intron structure of the genes was not suggestive of pseu-
dogenization (Figure 3C), and all four genes are expressed
in mandarins and oranges (unpublished data, 2020), although
our data indicate one single gene, Ciclev10028384m.g, dom-
inated the expression profile.

Albeit not expanded in citrus, some gene families shared
both WGD and tandem duplications, for example, MATE-
efflux proteins, which are involved in membrane transport of
several compounds, including anthocyanidins and flavonoids
(Santos et al., 2017). The 68 citrus gene products carry-
ing a PF01554 domain typical of MATE proteins were clus-
tered with sequences of 35 experimentally well-characterized
MATE proteins (Liu et al., 2016a), forming a phylogenetic
tree displaying the occurrence of four well separate MATE
groups named C1-C4 (Supplemental Figure S4). Family C1
(anthocyanin and flavonoid transport), which is expanded in
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citrus relative to the other three families (29 vs. 21, 9, or 9
members), was also characterized by differential gene pres-
ence/absence polymorphism in pure citrus species, as well as
in mandarins and derived mandarin admixtures. Interestingly,
the C1 family contained a subcluster with 17 members, sug-
gesting citrus specificity (Supplemental Figure S4, C1.1 grey
box).

DNA reads from the pure citron (HUM), pummelo (LAP),
and mandarin (TBM and SCM) genomes that did not map
to the clementine reference sequence were assembled and
annotated in order to identify potential lineage-specific genes
within the citrus clade. Over 11 million reads were assem-
bled onto 2,627 scaffolds ranging from 2,500 to 41,877 bp
in length with an N50 of 6 Kb on average (Supplemental
Table S5). Pathogen resistance genes were once again iden-
tified in the novel gene set (17 genes), as were transpos-
able elements (34 loci). In particular, transposons TNT 1-
94 were especially abundant (Supplemental Table S6). More
interestingly, genes involved in secondary metabolism were
also represented, such as an isoflavone 2’-hydroxylase, a
coumarin 8-geranyltransferase, two geraniol 8-hydroxylases,
four cytochromes P450, one acyl carrier protein (fatty acid
biosynthesis), one 3-ketoacyl-CoA thiolase (fatty acid oxida-
tion), one (R)-limonene synthase, and one (R)-mandelonitrile
lyase (cyanogenic glycosides metabolism). Surprisingly only
four transcription factors were found.

4 | DISCUSSION

In this work, we present a study of the genomic determinants
of evolution of the citrus gene space. The most notable effect
occurred in the pathogen-defense genes, as observed in many
other genera (Zhang et al., 2019). Although this phenomenon
is general in plants, our study also identified gene determi-
nants more specific to citrus. Thus, selective pressure also
affected genes of enzymes that modify pectins, which are
major components of the cell wall and their changes are asso-
ciated with cellular adhesion, wall plasticity and growth, and
the control of pH and ionic contents (Braidwood et al., 2014;
Peaucelle et al., 2008; Pelloux et al., 2007). In citrus, pectins
are highly abundant in the fruit peel and specially in the white
albedo, the fruit mesocarp. Because the importance of pectin
biosynthesis and degradation during citrus fruit growth and
ripening is broadly documented (Collins et al., 2019; Guillon
et al., 2017), it is reasonable to speculate that modification of
these structural components could contribute to the high mor-
phological diversity of citrus. The expansion of HDR genes
is the largest one reported in plants and presumably linked to
the high array of terpenoids in citrus. This enzyme catalyzes
the last step of the nonmevalonate (2-C-methyl-D-erythritol
4-phosphate/1-deoxy-D-xylulose  5-phosphate) pathway,
which takes place in the chloroplast and leads to the syn-

thesis of isoprenoid precursors. Thus, the HDR expansion
appears to be related to the high production of more than 200
different citrus compounds derived from prenyl diphosphate
precursors that are synthesized in citrus (Gonzalez-Mas et al.,
2019; Ladanyia & Ladaniya, 2010), mostly monoterpenes,
sesquiterpenes, and their oxygenated derivatives. Examples
of these compounds include d-limonene, which accounts for
80-95% of all citrus oils, and valencene. Furthermore, citrus
contain a great deal of triterpenes such as those belonging
to the group of limonoids (e.g., limonin), responsible for the
bitter taste of the juice, and a complex set of carotenoids
(carotenes and xanthophylls) that provides the external and
internal fruit coloration (Lado et al., 2019). Alternatively,
to a net increase in biosynthesis capabilities, the citrus
HDR expansion may rather have led to a sophistication in the
mevalonate pathway to fulfill the complex array of isoprenoid
derivatives.

The expansion of OMTs, as related to the other plant
species, appears to be linked to citrus aromas and poly-
methoxyflavone modifications. This amplification in citrus
has been reported before by Liu et al. (2016b), who associ-
ated some members with the occurrence of isoeugenol and
lignin synthesis in Citrus sinensis. Citrus fruit aroma consists
mainly of mono and sesquiterpenes, although nonterpenoids
still represent a small but significant percentage. Eugenol, for
example, a “sweet/honey” aroma-impact compound based on
olfactometry studies (Lin & Rouseff, 2001), which has insec-
ticide properties (Huang et al., 2002), is methylated by OMTs
as part of aroma production in other species (Wu et al., 2003).
In addition to small phenolics, OMTs also participate in the
modification of polymethoxyflavones, a type of highly methy-
lated flavonoids identified in the peel of sweet orange and
wild mandarins (Lei et al., 2017). In fact, citrus fruit con-
tain approximately 200 flavonoids and no less than 50 of
them are methylated or polymethoxylated compounds (Wang
et al., 2017b). Similarly, a large expansion of OMTs has also
been reported in Eucalyptus, where polymethoxyflavones are
abundant (Goodger et al., 2016). Moreover, OMTs have been
experimentally confirmed to be involved in the biogenesis
of these compounds in sweet basil (Ocimum basilicum L.)
(Berim et al., 2012).

Other gene types under selection pressure, which expanded
through tandem duplications and were retained as triplets
from the gamma WGD event, code for MATE-efflux proteins
or purple acid phosphatases. MATE-efflux proteins are a rel-
evant set of the multidrug efflux transporters that transfer a
broad range of organic substrates including anthocyanidins
and flavonoids (Santos et al., 2017). The expansion of par-
ticular MATE families may be related to the wide array of
flavonoids detected in citrus. Acid phosphatases are in prin-
ciple involved in phosphate metabolism (Wang et al., 2014),
although other roles in the acidic vacuoles of the citrus fruit
cell, such as those proposed for animal acid endosomes, or
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cell wall remodeling (Kaida et al., 2010) cannot be discarded.
Other expanded gene families reported in Supplemental Table
S4 are more difficult to link to biological traits of citrus a pri-
ori, but they highlight elements to drive further research. For
instance, the checkpoint protein Hus1/Mec3 may relate to the
high and potentially active transposon repertoire of citrus, an
activity that has been recently involved in citrus speciation
(Borreda et al., 2019).

The WGD triplets analyzed here have relevant evolution-
ary implications. Gene loss and genome rearrangements dur-
ing diploidization often accompany speciation (Panchy et al.,
2016). Their conservation in citrus, even comparing with
phylogenetically close species, indicates that diversification
within the genus has involved rather small genomic changes,
and relatively low rates of speciation, despite the huge phe-
notypic diversity observed. This avenue is also supported by
the lack of an early WGD, the low number of lineage-specific
genes detected among the ancestral species analyzed (cit-
ron, pummelo, SCM, and TBM), and the high rates of gene
flow described among all citrus (Gonzalez-Ibeas et al., 2021),
which denote incomplete reproductive isolation. This spec-
ulation agrees that some adaptive radiations have little or no
effect on speciation rate (Givnish, 2015). Moreover, members
of adaptive radiations often display higher rates of apparent
positive selection than in nonradiating groups (Nevado et al.,
2019). Citrus presents an example of adaptive radiation with
a low rate of speciation: 39% of citrus genes appear to involve
adaptive evolution by NSites analysis, a high proportion and
comparable to other genera recognized as having undergone
adaptive radiation on islands or mountaintops (Nevado et al.,
2019). The much lower number of genes identified as being
under selection in particular lineages within Citrus argues that
diversifying evolution has been pervasive, at least for the three
species that gave rise to the domesticated cultivars.

In conclusion, this work shows that the attributes char-
acterizing the current citrus fruit, namely, the abundance
of pectin and secondary metabolites such as terpenoids and
flavonoids, are the result of large gene family expansions that
evolved from the ancestral citrus genome. The evolution of
pectin-modifying enzymes, HDR genes, OMTs, acid phos-
phatases, and MATE-efflux transporters, for instance, is sig-
nificantly associated with selection pressure, tandem duplica-
tions, or triplet retention from the gamma event. Our results
also reveal that extant species evolved from the ancestral cit-
rus radiation show signatures of pervasive adaptive evolution,
although speciation has not been especially rapid in citrus.
This observation is particularly interesting as citrus diversi-
fication involved rather small genomic changes, despite the
vast phenotypic differences observed in the genus.
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