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ABSTRACT

Mandarin (Citrus reticulata) is one of the most important citrus crops worldwide. Its domestication is
believed to have occurred in South China, which has been one of the centers of mandarin cultivation for
four millennia. We collected natural wild populations of mandarin around the Nanling region and cultivated
landraces in the vicinity. We found that the citric acid level was dramatically reduced in cultivated manda-
rins. To understand genetic basis of mandarin domestication, we de novo assembled a draft genome of wild
mandarin and analyzed a set of 104 citrus genomes. We found that the Mangshan mandarin is a primitive
type and that two independent domestication events have occurred, resulting in two groups of cultivated
mandarins (MD1 and MD2) in the North and South Nanling Mountains, respectively. Two bottlenecks and
two expansions of effective population size were identified for the MD1 group of cultivated mandarins.
However, in the MD2 group there was a long and continuous decrease in the population size. MD1 and
MD2 mandarins showed different patterns of interspecific introgression from cultivated pummelo species.
We identified a region of high divergence in an aconitate hydratase (ACO) gene involved in the regulation of
citrate content, which was possibly under selection during the domestication of mandarin. This study pro-
vides concrete genetic evidence for the geographical origin of extant wild mandarin populations and sheds
light on the domestication and evolutionary history of mandarin.
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INTRODUCTION

Citrus is grown in at least 114 countries (Talon and Gmitter, 2008).

mandarin, Clementine mandarin, and local landraces in China.
Some local or wild mandarins with abundant phenolic components
and antioxidants can be used for medicinal purposes and as

Widely cultivated citrus species include sweet orange (Citrus
sinensis), mandarin (Citrus reticulata), pummelo (Citrus grandis),
grapefruit (Citrus paradise), and lemon (Citrus limon). In 2016,
mandarin production ranked second after sweet orange,
accounting for 22% of the worldwide citrus production (FAO
statistics, 2016), and ranked first (67% of citrus production) in
China (China’s Annals of Agricultural Statistics, 2016). Mandarin
fruits are attracting increasing attention because of their ease of
peeling, nutritional importance, and appetizing flavor. Mandarin
consists of a series of commercial varieties, including the Satsuma

1024 Molecular Plant 11, 1024-1037, August 2018 © The Author 2018.

healthful food ingredients (Lu et al., 2006; Kelebek and Selli, 2014;
Zhang et al., 2014; Ke et al., 2016; Damian-Reyna et al., 2017).

Mandarin is believed to have been domesticated in South China
(Legge, 1865; Webber et al, 1967); however, evidence
supporting this notion is lacking. The earliest mention of mandarin
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Figure 1. Geographical Distribution, and Acidity and Sugar
Levels of the Wild and Cultivated Mandarins.

(A) Geographical distribution of the wild (green empty circles) and culti-
vated mandarins (orange empty circles) around the Nanling Mountains.
(B-D) Photos of a Mangshan wild mandarin tree (B), leaf (C), and fruit (D).
The scale bar in picture is 1 cm.

(E and F) Acid (E) and sugar (F) levels in the wild and cultivated mandarins.
The mandarin varieties corresponding to the numbers below the bar plot
are provided in Supplemental Table 2.

was in a list of tribute fruits to the Emperor of Dayu ca. 2205-2197
BC (Spiegel-Roy and Goldschmidt, 1996) in a Chinese imperial
encyclopedia entitled Yu Kung (Supplemental Figure 1). Mandarin
had been grown for many centuries in China and had apparently
reached an advanced stage of cultivation before it was known to
Europeans (Webber et al., 1967). During the Han dynasty (202 BC
to 220 AD), a special government official managed the affairs of
the citrus industry and collected tributes for the emperor
(Supplemental Figure 1).In 1127 AD, Han Yen-Chi described 27 va-
rieties of sweet orange, mandarin, and kumquat as well as tech-
nigues for propagating and cultivating citrus in “Chu Lu”, the oldest
known monograph on citrus (Supplemental Figure 1). Over the past
few decades, many wild mandarin genotypes native to China have
been reported, such as Citrus mangshanensis and Citrus
daoxianensis (Liu et al., 1990; Liu and Deng, 2007). Researchers
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have investigated the phylogeny of these wild mandarins using
nuclear and chloroplast simple sequence repeat markers, the
nuclear LEAFY gene, plastid trnL—trnF sequences, and random
amplified polymorphic DNA (RAPD) (Li et al., 2006, 2007; Leng
et al, 2012). The prominent traits selected during the
domestication of perennial trees were fruit sweetness/acidity, fruit
size/color, tree architecture, nutritional quality, and secondary
metabolism (Duan et al., 2017; Xia et al., 2017; Wuyun et al,,
2018). The domestication history of perennial trees is complex
because it may involve differential human selection or
geographically independent domestications (Gros-Balthazard
etal., 2017; Unver et al., 2017).

Citric acid, an acid characteristic of citrus, is a major factor that de-
termines fruit flavor and affects the quality of processed citrus
products. Genes involved in the biosynthesis, degradation, and
transport of organic acids in fruit cells have been extensively stud-
ied. The introduction of citrate synthase from Malus xiaojinensis re-
sults in increased citrate content in transgenic Arabidopsis (Han
et al.,, 2014). In relation to citrate degradation, inhibition of
aconitase in Arabidopsis roots leads to a marked increase in the
levels of citrate (Hooks et al., 2014). In citrus, the transcript levels
of the genes that encode the cytosolic isoforms of aconitase
(ACO), NADP-isocitrate dehydrogenase (Sadka et al., 2000a,
2000b; Terol et al., 2010; Licciardello et al., 2016; Lu et al.,
2016), and glutamate decarboxylase (GAD) (Liu et al., 2014) are
closely related to citrate utilization in citrus fruit. Recent research
shows that the expression of mitochondrial aconitase (m-ACO)
is associated with low activity of the y-aminobutyric acid (GABA)
shunt and may contribute to the fluctuation of citric acid content
among citrus hybrid populations (Sheng et al., 2017). In addition,
the vacuolar citrate/H* symporter mediates proton efflux and
may play a role in citric acid homeostasis in citrus juice sac cells
(Shimada et al., 2006; Martinoia et al., 2007; Shi et al., 2015).

Remarkable progress has been made in the genomics of citrus
crops following the large wave of advancements in sequencing
technology. Next-generation sequencing technology has dramati-
cally reduced the cost of high-throughput sequencing and there
has been an exponential increase in the amount of DNA-sequence
datafor population analysis. Inrecentyears, six de novo assembled
genomes have been published for citrus species, namely Clemen-
tine mandarin, sweet orange, pummelo, citron, Ichang papeda, and
Atalantia (Xu et al., 2013; Wang et al., 2017). In addition, genome
sequences of 130 accessions of different citrus species have
been released so far (Wang et al., 2017; Wu et al., 2018).

In this study, we found a region in South China with naturally
growing wild mandarin populations and abundant mandarin vari-
eties. Genomic and transcriptomic analyses of these populations
and varieties were performed to reveal the domestication history
of mandarin and identify genes associated with genetic changes
that occurred during the domestication of mandarin.

RESULTS

Natural Wild Populations of Mandarin in South China

We found and collected natural populations of wild mandarins in
a region surrounded by the Nanling Mountains in South China
(Figure 1A). Wild mandarins are widely distributed in Mangshan
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Figure 2. Genetic Analyses of the Wild Mandarin and Two Groups of Cultivated Mandarins.

(A) Phylogenetic tree of all mandarins based on SNPs from single-copy genes. Simplified codenames are used for the tree labels; the full names and other
detailed information are provided in Supplemental Tables 1 and 3. Green indicates the wild mandarins from our study, orange indicates cultivated
mandarins, red indicates mandarin hybrids, and black indicates accessions from Wu et al. (2018). Bootstrap values over 80 are indicated by blue
dots on the tree nodes; between 50 and 80, light blue; below 50, black. Ichang papeda (denoted by YCC), a wild citrus species, was used as an
outgroup. Representative mandarins in the domesticated mandarin group are indicated as MD1 and MD2. The Mangshan wild mandarin is
represented by WMO01; MD1 is represented by the red mandarin (accession name CMO02); MD2 is represented by the Qingtian mandarin (accession

name CM17). The scale bar in picture is 1 cm.

(B) Principal component analysis (PCA) of 46 mandarins based on the 2,528,677 genomic SNP dataset. Ellipses indicate the distinct groups of cultivated
mandarins, MD1 and MD2, and the wild mandarins. Green circles, wild mandarins; orange circles, cultivated mandarins; red circles, mandarin hybrids;

gray circles, the six accessions from Wu et al. (2018).

Mountain, Daoxian, and Jiangyong Counties in Hunan Province,
Chongyi County in Jiangxi Province, and the Hezhou region in
Guangxi Province (Li et al., 2006, 2007). Photos of Mangshan
and other wild mandarins are presented in Figure 1B-1D and
Supplemental Figures 2-5. This region has a long history of
mandarin cultivation and has produced numerous indigenous
cultivars.

We sampled 66 citrus accessions around the Nanling region and the
neighboring area (Figure 1A and Supplemental Table 1). Striking
differences in citric acid levels were detected between the wild
(30.8 + 8.1 mg/mL) and cultivated mandarins (4.7 + 1.8 mg/mL)
(Figure 1E and Supplemental Table 2). The highest level of citric
acid was 89-fold higher than the lowest. However, sugar levels
were similar between the wild and cultivated mandarins (Figure 1F).

We used genome-sequencing data from 104 citrus accessions,
including 40 mandarins (13 wild and 27 cultivated mandarins,
including the worldwide cultivated Clementine, Satsuma, and
Ponkan mandarins), at an average depth of 35X genome coverage
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(Figure 2A and Supplemental Table 3). A total of 5,292,293 single-
nucleotide polymorphisms (SNPs) were identified (minor allele fre-
quency >0.05 and missing individuals <5). We identified fixed
SNPs by performing comparative population analyses between
mandarin, citron, and pummelo. A total of 0.93 million fixed
SNPs were identified. We randomly selected 433 fixed
SNPs and validated 427 of these SNPs (98.61%) by Sanger
sequencing of specific PCR products surrounding the SNP sites.

Phylogenetic analysis with 51,600 SNPs from 8,192 single-copy
genes showed that the Mangshan wild mandarins (accession
names: WM01 and WMO02) were located in a basal position in
the mandarin clade (Figure 2A). Whole-genome analysis of
the wild mandarins indicated that all of them had a purer
genetic background than the cultivated mandarins, which
showed obvious admixture patterns (Supplemental Table 4).
No evidence of interspecific introgression from pummelo
was found in the genomes of the Mangshan and Daoxian
wild mandarins, indicating that they are the typical
mandarins (Supplemental Table 4). Based on the phylogeny
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Wild mandarin (Citrus reticulata)
Size of assembled scaffold (bp) 334,219,490
Largest scaffold (bp) 7,195,442
Scaffold N50 (bp) 1,705,373
Largest contig (bp) 295,805
Contig N50 (bp) 24,761
Number of scaffolds 42,714
Number of gene models 28,820/42,653
Mean transcript length (bp) 1736
Mean coding sequence length (bp) 1210
Percentage of transposable elements 50.05%

Table 1. Statistics of the Assembled Genome of the Mangshan Wild Mandarin.
N50 values of the genome assembly were calculated using sequences longer than 500 bp.

(Figure 2A), population structure (Supplemental Figure 6), and
principal component analysis (PCA) (Figure 2B), the wild
mandarin populations in South China are unique citrus
germplasm.

There is a controversy over the Mangshan wild mandarins (Liu
et al., 1990; Xu et al., 2013; Wu et al., 2014). Mangshan refers
to a northern branch of the Nanling mountains in South China.
Although the wild citrus species discovered in this region are
generally called “Mangshan wild mandarins,” their genetic
backgrounds are unknown. In our study, we sequenced
different “Mangshan wild mandarins” and found three
genetically distinct forms. An analysis of the genomic patterns
indicated that two of these forms (WM01 and WMOQ2) are true
mandarins belonging to C. reticulata (Figure 2A and
Supplemental Figure 7). The third form (MS3), also named
C. mangshanensis (Liu et al., 1990), is distinct and is more
similar to a species of wild citrus found in this region named
“Yuanju” (accession name YJ, Supplemental Figure 7). The
clade neighboring that of the Mangshan wild mandarins
included the Daoxian mandarins (accession names WMO0S3,
WMO04, and WMO05), Tachibana (accession name WM10, a
widely recognized wild mandarin [Moore, 2001]), and
Suanpangan (accession name WMO09). The Huapiju mandarin
(accession name WM13) is nascently cultivated in this region
and appears to be semi-domesticated and to have moderate
acidity (Supplemental Table 2 and Supplemental Figure 8).

De Novo Assembly of the Mangshan Wild Mandarin
Genome and the Divergent Region in the Mandarin
Population

The genome of the typical wild mandarin (the Mangshan manda-
rin, accession name WMO01) was sequenced and assembled with
lllumina shotgun sequencing reads. A total of 64.2 Gb (199.7 x
genome coverage) of data from libraries with various insert sizes
(230 bp, 500 bp, 2 kb, 5 kb, and 20 kb) were generated
(Supplemental Table 5). The corrected reads were assembled
using Platanus (Stanke et al., 2006) and GapCloser software
(Luo et al., 2012), and the resulting scaffold N50 was 1.7 Mb
and the contig N50 was 24.7 Kb (Table 1). A set of 28 820
protein-coding genes and 42 653 transcripts were identified by

performing ab initio gene predictions, homology searches, and
RNA-sequencing (RNA-seq) analysis.

We compared the genome of the Mangshan wild mandarin,
which can be considered representative of C. reticulata, with
six additional citrus genomes, including the genomes of sweet
orange, Clementine mandarin, pummelo, citron (Citrus medica),
Ichang papeda (Citrus ichangensis), and Atalantia (Atalantia
buxifolia), which were published previously (Wu et al., 2014;
Wang et al., 2017). The wild mandarin genome showed high
synteny with that of sweet orange (Supplemental Figure 9). The
ratios of nonsynonymous to synonymous substitutions (dN/dS)
were calculated for 8192 single-copy genes (Supplemental
Table 6). We found that the dN/dS values were >1 for 5.8% of
the genes from C. reticulata. Particular gene ontology (GO)
terms, such as nitrogen compound metabolic process, organic
substance transport, and cellular response to stress, were
enriched in genes subjected to positive selection in
C. reticulata (p < 0.05 and false discovery rate [FDR] <0.05)
(Supplemental Table 7). This result may indicate that the
Mangshan wild mandarin has high activity in primary
metabolism pathways involving nitrogen, organic substances,
and response to stress.

To investigate the population divergence between the mandarin
population and other citrus species including pummelo, citron,
Ichang papeda, and Atalantia (Supplemental Table 3), we
computed pairwise genetic differentiation (Fst) values. We
found that 1.2% (3.9 Mb) of the mandarin genomic regions
were highly divergent relative to pummelo, citron, Ichang
papeda, and Atalantia (Supplemental Table 8; Supplemental
Figures 10 and 11). One gene encoding NADP-isocitrate dehy-
drogenase (NADP-IDH, Cs3g_pb008100)—an important enzyme
in the citric acid cycle—contained several SNPs that were highly
differentiated between mandarin and all other citrus populations
(Supplemental Figure 12).

Two Mandarin Groups Derived from Independent
Domestication Events and Their Demographic History

Two distinct populations of cultivated mandarins were revealed
by STRUCTURE (version 2.3.4) (Pritchard et al., 2000; Falush
et al., 20083), based on a 353,154 SNP dataset from the coding

Molecular Plant 11, 1024-1037, August 2018 © The Author 2018. 1027



Molecular Plant
A

2nd-pottleneck 1st-bottleneck
9 : T

Effective population size (x104)
S

10* 10° 108 107

Years before present

1st-bottleneck

9 T T
WMO'1
8 WMO02
WMO08
7 WM13
6 CM12
CM16

5
4 o
= .

0 . .
10* 10° 108 107

Effective population size (x104)

Years before present

D

Domesticated
Group MD1

®0xs, S
i A
Daoxian ®

2

O .Ma/\n/\gshan

South
China

R

Figure 3. Domestication History of Mandarins in South China.
(A and B) Demographic histories of the mandarin groups reconstructed
using the PSMC model for the effective population size (Ne) of the Daoxian
wild mandarins (DXs) and MD1 cultivated mandarins (A) and the
Mangshan wild mandarins (MSs) and MD2 cultivated mandarins (B). The
effective population size (Ne) of the mandarins was rescaled using
g (generation time) = 8 years (Wang, 2012) and p (neutral mutation rate per
generation) = 2.2 x 1078 (Gaut et al., 1996; Ma et al., 2018; Wu et al.,
2018).

(C) Schematic model of a demographic scenario based on the mandarin
phylogeny and the change in effective population size (Ne).

(D) Two independent mandarin domestication events and the geographic
diffusion of mandarins in South China.

MSs, DXs, and WMO08 are wild mandarins. WM12 is a prototype form with
high levels of acidity that is occasionally used as a rootstock. WM13 is a
semi-domesticated mandarin with moderate acidity. Two genetically
distinct groups of mandarins were domesticated, including the northern
group (MD1), which has a red peel color and larger fruit, and the southern
group (MD2), which has low acidity.

MSs  DXs MD1

regions of all genes (Supplemental Figure 6) and PCA (Figure 2B)
using 2,528,677 genome-wide SNPs (minor allele frequency
>0.05 and missing individuals <5). Each group was associated
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with a different wild progenitor (Figure 2A). The MD1 group
consisted of mandarins from a region north of the Nanling
Mountains, such as the sour mandarin, the red tangerine, and
the Changsha mandarin. Phenotypically, this group exhibited
an orange-red fruit color, strong aroma, and moderate acidity
(Figure 2A and Supplemental Figure 13). The MD2 group was
widely cultivated in a region south of the Nanling Mountains
and included the Hezhou wild mandarin and some low-acidity
landraces.

Historical fluctuations of effective population size (Ne) in the wild
and cultivated mandarins were reconstructed using the pairwise
sequential Markovian coalescent (PSMC) model (Li and Durbin,
2011). The PSMC profiles indicated a reduction of Ne for all
mandarins from 1 million years ago (Mya) to approximately
470,000 years ago (470 Kya) (Figure 3A and 3B), and different
population histories for the MD1 and MD2 mandarin groups
(Figure 3C and 3D).

Two bottlenecks and two expansions of Ne were identified for the
Daoxian wild and MD1 cultivated mandarins (Figure 3A and
Supplemental Figure 14). The first bottleneck probably
occurred during the ice age known as the Quaternary
glaciation. After this bottleneck, the Ne recovered and peaked
for the Daoxian wild mandarin and MD1 at approximately 170
Kya. The expansion of Ne might be attributed to the high
heterozygosity of these mandarins (Supplemental Figure 15).
The heterozygosity in the Daoxian wild mandarin and the MD1
group was higher than in the Mangshan mandarin and the MD2
group (Supplemental Figure 14), which is in accordance with
their wider distribution and larger contemporary Ne compared
with all other mandarin species (Figure 3C). The later expansion
of Ne approximately 80 Kya may be associated with human
activities in Dao County (Liu et al., 2015), an ancient site of
Daoxian wild mandarin domestication (Supplemental Figure 4).

The Ne of the Mangshan wild mandarin and the MD2 group
(Figure 3B) showed a steady decline. This long-term decline
reflects the low intensity of human intervention, particularly for
the Mangshan mandarin, which is known to be uniquely located
in a narrow region of the Mangshan Mountains (Figure 3C and
3D). However, the Daoxian wild mandarin was widely
distributed, and might have had many chances to be
domesticated or hybridized with other citrus types. For
example, the Huapiju mandarin (accession name WM13) is a
semi-domesticated variety recently selected in the Daoxian re-
gion and has a genetic background similar to that of the Daoxian
wild mandarin (accession name WM11).

Candidate Genomic Regions of Mandarin
Domestication

Candidate domestication regions were identified by performing
the cross-population composite likelihood ratio XP-CLR analyses
and population nucleotide diversity (r) ratio (Ttwig/Tmp1, Twild/
Tmp2) comparisons between the wild and cultivated mandarins.
We identified 22.13 Mb (6.5%) and 23.21 Mb (6.8%) of domesti-
cation regions in the MD1 and MD2 groups, respectively (Figure 4
and Supplemental Tables 9-12), which is close to the amount
identified in other crops. For example, the percentage of
domestication regions in the entire genome was 8% in tomato
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(Lin et al., 2014), 7.8% in cucumber (Qi et al., 2013), and 12% in
common beans (Schmutz et al., 2014). Only 37.2% of the
domestication regions in the MD1 and MD2 groups were
shared, which is consistent with the observation that these two
cultivated mandarin groups are genetically distinct and were
domesticated in different geographical locations (Figure 3D). In
fact, we found that MD1 is genetically closer to the wild
mandarins than to MD2 (Supplemental Figure 16).

In the domestication regions of the MD1 group, 1172 genes were
found (Supplemental Table 11). Notably, a gene associated with
pigment metabolism, phytoene dehydrogenase (encoded by
Cs3g_pb007360), was part of the domestication signal. Nine
genes (Cs3g_pb020120, Cs3g_pb020100, Csbg_pb023210,
Csbg_pb023260, Cs5g_pb023270, Cs7g_pb021400, Cs79_
pb021390, Cs7g_pb021260, and Cs9g_pb012020) encoding
caffeic acid 3-O-methyltransferase were under intensive selection
based on their large XPCLR values. In the domestication regions
of MD2, 1099 genes were identified (Supplemental Table 12).
We found that three gibberellin-20 oxidase genes (Cs7g_
pb004610, Cs1g_pb004630, and Cs1g_pb004640) clustered on
chromosome 1 (Chr1) had high XP-CLR values and were located
in a domestication region. Three genes that encode alcohol dehy-
drogenase and that are located on Chr3 (Cs3g_pb019910,
Cs3g_pb019920, and Cs3g_pb019930) are probably associated
with aromatic compound metabolism (Speirs et al., 1998;
Moummou et al., 2012).

To decipher the genetic basis underlying the dramatic reduction
of citric acid during mandarin domestication, we examined the
genes in the candidate genomic regions to determine if they
encoded citrate biosynthetic enzymes and regulators. Two genes
that encode enzymes that participate in the tricarboxylic acid
(TCA) cycle were found in the domestication regions of both
MD1 and MD2: DLAT3 (the dihydrolipoyl transacetylase enzyme
of the pyruvate dehydrogenase complex, Cs3g_pb018320) and
sucD (succinyl-CoA ligase, Cs2g_pb019110). Two other genes
were specific for MD1 domestication: NADP-IDH (Cs3g_
pb008100) and MDH (malate dehydrogenase, Cs5g_pb022310).
One gene, CitACO2 (Cs2g_pb016950), was specific for the
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MD2 group domestication. We also found that a V-type proton
ATPase gene (Cs1g_pb007170), a citric acid transporter, was in
a domestication region of the MD1 group.

Candidate Interspecific Introgressions Associated with
Mandarin Domestication

Introgression signatures from other citrus species were detected
in both the wild and cultivated mandarins. We found that the wild
mandarins had small genomic segments (6.08 Mb, 1.77% of the
whole assembled genome) that were probably derived from
Ichang papeda, a wild citrus species grown in sympatry with
these species (Yang et al., 2017) (Supplemental Figure 17 and
Supplemental Table 13). An introgressed region (23.00-23.94
Mb) on Chr7 from Ichang papeda diverged substantially in the
wild and cultivated mandarins. One gene (Cs7g_pb021730,
Figure 5A and Supplemental Figure 18) in this region encodes
the dihydrolipoyl transacetylase enzyme of the pyruvate
dehydrogenase complex (DLAT1), a rate-limiting enzyme com-
plex that acts upstream of the TCA cycle.

All the cultivated mandarins and a few wild mandarins exhibited
interspecific introgression from the pummelo, another cultivated
species growing in the same region. The MD1 and MD2 groups
showed different patterns of introgression (Figure 5B). The
introgressed regions accounted for 1.3%-14.1% of the entire
genome (Supplemental Table 4). We found an approximately
6-Mb pummelo-introgressed region (14.3-20.24 Mb at the end
of Chr6) specific to the MD2 group, which largely overlapped
(64.19%) with regions with XP-CLR values in the top 20% for
the MD2 group.

Transcriptome Changes between the Wild and
Cultivated Mandarins

To identify candidate genes involved in mandarin domestication
traits, we compared the fruit transcriptomes of two wild and two
cultivated mandarins (Supplemental Table 14 and Supplemental
Figure 19). In wild mandarin fruit, 4,567 genes were found to be
differentially expressed (fold change > 1.5, p < 0.05 and FDR
< 0.05) (Supplemental Table 15). Citric acid accumulated to
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Figure 5. Mandarin Genomes with Interspe-
I\Y% cific Introgressions from the Ichang Papeda
(Citrus ichangensis) and the Pummelo
(Citrus grandis).
(A) Heatmap showing the Ichang papeda in-
trogressions in the Cs7g_pb021730 locus of wild
mandarins. Columns: different citrus accessions;
rows: SNP sites in the gene regions. Pink block:
homozygous for the alternative allele; orange
block: heterozygous site with both reference and
alternative alleles; green block: homozygous for
the reference allele; white block: missing geno-
type. Citrus groups: |, Ichang papeda; Il, the wild
mandarin; lll, cultivated mandarins group MD1; IV,
cultivated mandarins group MD2.
(B) Admixture patterns of 40 mandarins showing
pummelo introgressions. Blue: the pure mandarin
genetic background; magenta: the heterozygous
genetic background (mandarin/pummelo); cyan:
the pure pummelo genetic background (pummelo/
pummelo); gray: regions undetermined.

wild mandarins than in the cultivated
mandarins (o = 0.0014 and 0.015,
respectively).

,Chr8 , Chr9 CitACO2 (Cs2g_pb016950), located in an
MD2 domestication region, and isocitrate
dehydrogenase (Cs3g_pb008100), located
in an MD1 domestication region, were
both upregulated in the cultivated mandarin
fruits (Supplemental Figure 20). The
CitACO2 gene was highly divergent
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M o (CM12 Y Figure 20). In addition, another ACO gene
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CitACO3 (Cs4g_pb012720), which was
reported to be important for the reduction

b vz -=—--——_—==E\A(/)I\ZI?I of citric acid in the Ponkan mandarin
Hybrid Unshiu (GM25 m——— <) (Li et al, 2017), also showed high

higher levels in citrus fruits relative to leaves (Supplemental
Figure 19 and Supplemental Table 16). To identify genes that
contribute to citric acid metabolism in citrus fruits, we
compared the transcriptomes from the fruits and leaves of wild
mandarin, sweet orange, and sour orange. We found that 3,287
genes were differentially expressed in the fruits (p < 0.05;
Supplemental Figure 19 and Supplemental Table 17). Among
these genes, 928 (28%) were identified as differentially
expressed genes (DEGs) in the comparison between the wild
and cultivated mandarin fruits. Some of these DEGs are
important for citrate metabolism. The expression levels of four
genes that encode succinate dehydrogenase assembly factors
(SDHAFs)—including Cs2g_pb014260, Cs5g_pb011200,
Cs79_pb014250, and CsUn_pb000750—were higher in the wild
mandarin fruits than in the cultivated mandarin fruits (o = 0.011,
0.033, 0.011, and 0.037, respectively; Figure 6D). Three
vacuolar H*-ATPase genes (Csbg_pb013600, CsUn_pb034240,
and Cs8g_pb007710) were also more highly expressed in the
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genetic divergence (Fst = 0.3) between
the wild mandarins and the MD2
group (Supplemental Figure 21). These
data indicate that ACO genes are important candidate genes
for a mandarin domestication trait.

DISCUSSION

We collected and sequenced the genomes of native wild manda-
rins in the Nanling region of South China. We provide clear genetic
evidence for the extant wild mandarin population. Genetic analyses
of this set of wild mandarins and comparison with publicly available
mandarins indicated that these citrus germplasm are unique. We
also de novo assembled the genome of the Mangshan wild manda-
rin, which represents the ancestral genome of C. reticulata, a basal
species of Citrus. This genome is valuable for understanding evolu-
tionary genomics and facilitates the discovery of genes involved in
citrus fruit biology and nutritionally important traits.

The conclusion that South China was the site of mandarin domes-
tication is supported by both our genomic data and ancient
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Figure 6. Candidate Genes Associated with the Mandarin Domestication Trait.

(A) XP-CLR and 7 values of the wild mandarin populations and the MD2 group indicated a domestication signal at 16.9-17.6 Mb on Chr2. CitACO2 is
located in the region colored purple.

(B) SNP heatmap showing the genetic divergence in gene CitACO2 (Cs2g_pb016950) between the wild mandarins and the MD2 cultivated mandarins.
Columns: different citrus accessions; rows: SNP sites in the gene region. Pink block: homozygous for the alternative allele; orange block: heterozygous
site with both reference and alternative alleles; green block: homozygous for the reference allele; white block: missing genotype. Mandarin groups: A, wild
mandarin; B, wild mandarin; C, cultivated mandarins.

(C) Percentage of the fruit-upregulated genes (1329 genes) in MD1 and MD2 domestication regions. F, fruit; L, leaf; C, cultivated mandarin; W, wild
mandarin.

(D) Summary of differentially expressed genes and domestication genes associated with the tricarboxylic acid (Krebs) cycle. CS, citrate synthase; FumA,
fumarate hydratase; IDH, isocitrate dehydrogenase; MDH, malate dehydrogenase; OGDH, a-ketoglutarate dehydrogenase complex; PDH, pyruvate
dehydrogenase complex; DLAT, acetyltransferase component of PDH; SCAS, succinyl-CoA synthase; SDH, succinate dehydrogenase complex.
Colored vertical triangles indicate the genes in MD1/MD2 domestication regions; the vertical arrows indicate the upregulation/downregulation of the
genes in the wild mandarin fruits.

vernacular evidence. In this study, we clearly demonstrated
that the Mangshan mandarin is a typical wild mandarin
(Supplemental Table 4 and Figure 2). Abundant wild, semi-
domesticated, and cultivated mandarins were found in this region
where citrus has been cultivated for at least 4000 years. Mandarin
is commercially produced in this region, called the Chu state or
the Jingzhou region, which is largely encompassed by the pre-
sent-day Hunan and Hubei provinces (Chinese Citrus Society,
2008). Mandarins in this region have also been mentioned in
several historical or geographical records (Supplemental

Figure 1), such as “Ode to Mandarin” in Chu Yuan’s poem (2nd
century BC), and the “Records of the Grand Historian,” a book
indicating that mandarins were commercially grown in the Chu
state during the 1st century BC. Additionally, a recent study
indicated that approximately 80 000 years ago, there was
human activity in Dao County (Liu et al., 2015), the site where
wild, semi-domesticated, and cultivated mandarins were found
(Figure 3D). We found two independently domesticated
mandarins in the vicinity of the Nanling Mountains. The northern
group (MD1) is mostly distributed in regions with low
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temperatures and frost during the winter, and is characterized by
moderate levels of acidity and alterations in the genes associated
with fruit acidity and color. In contrast, the southern group (MD2)
is characterized by a greater decrease in acidity and changes in
genes associated with fruit acidity and aroma.

The MD1 and MD2 groups seem to have different population his-
tories based on the PSMC profiles. The MD1 group showed a
pattern typical of a population bottleneck ca. 0.1 Mya and a
weak bottleneck ca. 1 Mya. The MD2 group showed a similar
weak bottleneck and a long and continuous decrease in Ne that
has continued to the present day. The PSMC curves also indi-
cated possible low-intensity human intervention in the MD2
group. The genetic parameters of the general mandarin popula-
tion are similar to those of pummelo, although mandarins are
characterized by facultative apomixis. All wild mandarins were
heterozygous for the CitRWP gene, a single dominant gene
that controls apomixis in citrus (Wang et al., 2017). We
speculated that the rate of sexual reproduction in the mandarin
population is higher than that observed in the strictly asexually
propagated populations in the natural environment, and we
also suggested that the sexual reproduction was influential in
the evolution of mandarin according to the results of simulation
experiment with varying rates of sex (Hartfield et al., 2016,
2017). This idea is also consistent with the experience of seed
propagation in the nursery and previously published opinions
on the genome evolution of apomictic plants (Hao and Qiang,
2009; Hojsgaard and Horandl, 2015; Lynch et al., 2017).

Remarkable interspecific introgression signatures were
observed when comparing the genomes of the wild and culti-
vated mandarins with those of other citrus species. Most of
the wild mandarins had purer genetic backgrounds than the
cultivated mandarins, which showed 1.3%-14.1% introgression
from the pummelo. Based on these data, we suggest that inter-
specific hybridization most likely played an important role in the
diversification of mandarins. These results are consistent with
observations for Clementine and Ponkan mandarins and a
recent study (Wu et al., 2018). Moreover, we found that
approximately 1.77% or less of the genomes of wild
mandarins may consist of introgressed DNA from Ichang
papeda (a wild citrus species), indicating that gene flow might
have occurred between the wild mandarin and other wild
citrus species. Several studies of fruit crops have also
reported signatures of introgression from related or wild
species during domestication, such as the introgression of
regions from local wild grapes in Western European cultivars
(Myles et al., 2011) and wild relatives of apple (Duan et al., 2017).

Citric acid was dramatically reduced, while sugar was not
remarkably increased during the domestication of wild manda-
rins. Therefore, the reduction in citric acid is a marker trait for
the domestication of mandarins. Pyruvate is an important
substrate for the citrate acid cycle. We identified a genotypic dif-
ference in DLAT1 (Cs7g_pb021730), which encodes an important
component of the pyruvate dehydrogenase complex. We found
that DLATT is similar in the wild mandarins and Ichang papeda,
a wild citrus species. In contrast, we found that in the wild species
and cultivated mandarins, DLATT is distinct (Figure 5A). Another
gene encoding an isoform of ACO was found in a domestication
region of the MD2 group (Figure 6A and 6B). Based on genomic
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and transcriptomic evidence, we propose that ACO alleles
were selected during the domestication of mandarin and
downregulated in the wild mandarins. In tomato, genetic and
transgenic approaches have demonstrated a key role for ACO
in controlling the citrate content of ripe fruit (Morgan et al,,
2013). During the stage of rapid citrate accumulation (from 50
to 70 days after full bloom), the CsACO and CsIDH genes were
expressed at low levels in high-acid sweet oranges but were
expressed at high levels in low-acid sweet oranges (Lu et al.,
2016), which provides evidence that these two genes might
contribute to the higher citrate concentration in sweet oranges
and wild mandarins. Identification of the genes associated with
fruit acidity will be useful for future gene function analyses and
ultimately for improving fruit flavor by molecular-assisted
breeding.

METHODS

Plant Materials and Population Sequencing Data

We collected 66 citrus accessions around the Nanling region and the
neighboring area (Figure 1A and Supplemental Table 1), and an
additional 12 citrus accessions that are known cultivars maintained
by the National Center of Citrus Breeding, Huazhong Agricultural
University, Wuhan, China. Thirty-eight accessions were newly
sequenced in this study. The sequences of the other 66 accessions
were from previous studies (60 accessions were from Wang et al., 2017
and six accessions were from Wu et al., 2018) (Supplemental Table 3).
At least 10 pg of genomic DNA from each accession that was newly
sequenced in our study was used to construct a sequencing library.
Paired-end sequencing libraries with insert sizes of approximately 200-
500 bp were constructed and sequenced on the lllumina platform.

De Novo Assembly and Annotation of the Wild Mandarin
Genome

The heterozygous diploid of Mangshan wild mandarin (C. reticulata) was
sequenced using the lllumina platform. Multiple libraries with short
paired-end insert sizes (230 bp and 500 bp) and long paired-end insert
sizes (2 kb, 5 kb, and 20 kb) were constructed. In total, approximately
64.2 Gb of raw data were generated. The genome was assembled by
using Platanus (Kajitani et al., 2014), an assembler designed for a
heterozygous genetic background. The Gapcloser package (Luo et al.,
2012) was then used to fill the gaps in the de novo assembled
sequences. The lllumina reads were mapped to the assembled
genomes using BWA (Kajitani et al., 2014), with a mapping rate higher
than 90%. Variants were then called using the SAMtools application (Li
et al,, 2009). Homozygous mismatches were regarded as assembly
errors, and the accuracy rates were higher than 99.99% for the
genome. The completeness of the genome was evaluated by mapping
956 orthologous genes from plants to the genome using BUSCO
software (Simao et al., 2015); the completeness rate was 96%. Finally,
the assembled RNA sequences were mapped to the genomes to check
the transcript coverage. More than 90% of the assembled RNA
sequences were mapped to the corresponding genomes.

The transposable element (TE) libraries of C. reticulata were firstly
constructed using RepeatModeler (see URLs), a de novo repeat family
identification and modeling package. Subsequently, the HMMsearch
program from HMMER package (Finn et al., 2011) was used to scan for
retrotransposon domains based on the following profiles: Reverse
Transcriptase (RT) (PF00078 and PF07727), Integrase (Gros-Balthazard
et al) (PF00665, PF00552, and PF02022), RNaseH (Simdo et al.)
(PF00075), group-specific antigen (gag) (PF03732), and Aspartic Protein-
ase (PF00026 and PF00077). Other unclassified sequences were used as
queries for BLASTN (Altschul et al., 1990) searches of the repeat sequence
databases TIGR (see URLs) and TREP (see URLs). The results from these
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different methods were then combined to construct the TE libraries. The
TE libraries were finally used to mask the two genomes using
RepeatMasker software (see URLSs).

Gene models were annotated based on ab initio gene predictions, homol-
ogy searches, and RNA-seq. For ab initio gene predictions, AUGUSTUS
(Stanke et al., 2006) and GlimmerHMM (Majoros et al., 2004) were
employed with default parameters for Arabidopsis thaliana and Oryza
sativa. The EST and protein databases were constructed by integrating
the citrus EST and protein sequences from the NCBI and SwissProt
databases. Homology searching was then conducted using the
Exonerate alignment tool (Slater and Birney, 2005) and the AAT
package (Huang et al., 1997). In addition, RNA-seq reads from a mixture
of tissues were generated. Trinity software (Grabherr et al., 2011) was
utilized to perform genome-guided and de novo transcript assembly. All
gene structures predicted using the aforementioned methods were
combined using EVM software (Haas et al., 2008).

Gene Family Analysis

The protein-coding genes from seven citrus genomes (wild mandarin from
this study, and sweet orange, Clementine mandarin, pummelo, citron,
Ichang papeda, and Atalantia from published data [Wu et al., 2014;
Wang et al., 2017]) were used to perform gene clustering analysis. An
all-versus-all comparison of the corresponding protein sequences was
performed using BLASTP (e value < 1e—10) and clustering was conduct-
ed using OrthoMCL (Li et al., 2003).

dN/dS Analysis

The protein sequences of single-copy orthologous gene families from
seven citrus genomes were aligned using ClustalW (Larkin et al,
2007). The multiple protein alignments were then converted to
corresponding CDS alignments. These CDS alignments were used to
estimate selection pressure in PAML (Yang, 2007). Two models were
used. The free-ratio branch model (model = 1, NSsites = 0) was used to
estimate a different dN/dS ratio for each branch, and the one-ratio branch
model (model = 0, NSsites = 0) was used to estimate the same dN/dS ratio
for all branches. The likelihood ratio test (LRT) was performed to compare
the two models. Positively selected genes were identified according to the
chi-squared test (=-2) (P < 0.01 and FDR < 0.05). Finally, the genes with dS
values of <0.0001 were removed.

Mapping and Variant Calling

Paired-end reads of all accessions were mapped to the sweet orange
reference genome using BWA (version 0.7.5a-r405) (Li and Durbin,
2009) with parameters of “aln -o 1 -e 10 -t 12 -1 32 -i 15 -q 15”.
Duplicated mapping reads were removed with the SAMtools package
(Li et al., 2009). “AddOrReplaceReadGroups.jar” in the Picard tools
package (version 1.105) (see URLs) was then used to add the read
groups to each library. IndelRealigner in the GATK package (McKenna
et al., 2010) was used to perform local realignments around the InDels.

All genotype information for the polymorphic sites was retrieved using the
GATK population method. This procedure yielded high-quality variations
for each of the 104 individuals, including 46 mandarins, 21 pummelos,
11 Ichang papeda, eight citron, 15 Atalantias, one C. mangshanensis,
one Yuanju, and one Clausena lansium. These sets of SNPs were filtered
based on sequence depth (the genotype of each individual was retained if
the depth range was between 4 and 150). We further filtered SNPs by
retaining only non-singleton and biallelic SNPs with non-missing individ-
uals across all five groups (mandarin, pummelo, citron, Ichang papeda,
and Atalantia), resulting in a final dataset of 5 292 293 SNPs.

Phylogenetic Analysis and Principal Component Analysis

To build the phylogenetic tree for the 46 mandarins, we screened a subset
of 51,598 SNPs in the coding regions of 8,192 single-copy genes from
gene families defined by the clustering analysis of proteins from 7 citrus
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genomes (sweet orange, wild mandarin, Clementine mandarin, pummelo,
citron, Ichang papeda, and Atalantia). The 51,598 SNP dataset
(Supplemental Data 1) did not include the SNPs in the candidate
introgression regions. The phylogenetic tree was constructed using
raxmIHPC (Stamatakis, 2014) (version 8.0.0) with Ichang papeda as the
outgroup, and the GTRGAMMA substitution model was used. A total of
100 rapid bootstrap inferences were performed.

PCA was performed using EIGENSTRAT software with the population
variant data.

The genetic structure of all 46 mandarins was analyzed using the 353,154
SNPs from the coding regions of all genes with STRUCTURE software
(Pritchard et al., 2000; Falush et al., 2003).

Species-Specific SNP Identification

Species-specific SNPs were identified using the population differentiation
statistic (Fst) of each SNP from the three basal citrus groups: mandarin,
pummelo, and citron. Each group included five individuals. The five man-
darin accessions were WM08, WMO01, WM02, WMO06, and WMO03 (original
accession names HZ, MS1, MS2, CYY, and DX, respectively). The five
pummelo accessions were PU12, PU09, PU10, PU11, and PU21 (original
accession names CHP, 28H, HNHY, WBY, and RL-06, respectively). The
five citron accessions were Cl04, Cl05, CI01, Cl07, and CIl06 (original
accessions names JY15, JY4, JY5, JY8, and XZ, respectively). Before
we conducted the downstream analysis, we limited the major allele fre-
quency in each group used in pairwise comparisons to higher than0.8,
and SNPs with Max Fst values higher than 0.9 were defined as species-
specific SNPs (Supplemental Data 2). Max Fst value refers to the
maximum Fst value among the three pairwise comparisons of
mandarin-pummelo, mandarin-citron, and pummelo—citron.

We used SNPs in each sample to detect the genomic admixture patterns
within 100-kb windows. Each genotype, including homozygous and
heterozygous genotypes, was assigned using a pairwise combination of
the species-specific SNPs. The top-ranked genotype with a log of the
odds ratio (LOD) score of >1.5 was retained. The LOD score was calcu-
lated according to the probability of the top supported genotype, P(T),
and the second supported genotype, P(S), over all windows in the
genome. The LOD score of the maximum likelihood test was normally
distributed. When the LOD value was 1.5, the corresponding ratio of
P(T) to P(S) was 6.08 (Supplemental Figure 22).

Mandarin individuals with interspecific introgression >7% were excluded
from the downstream analysis.

Inference of Demographic History

Historical population sizes were obtained by employing a PSMC model to
analyze mandarins with sequenced reads with over 35X genome
coverage. First, SAMtools was used to generate the heterozygous sites
for the various samples by mapping to the genome of Mangshan wild
mandarin. The utility fg2psmcfa (provided with the PSMC software) was
used to convert this diploid consensus sequence to the required input
format. The psmc parameters were set at -N25 -t15 -r5 -p “4 + 252 +
4+6”. The mean generation time was set at 8 years, assuming a mutation
rate of 2.2 x 1078 substitutions per site per generation (Wang, 2012;
Ma et al., 2018; Wu et al., 2018). Introgressed regions were excluded
before the PSMC analyses.

Genomic Regions of Mandarin Highly Divergent from Pommelo,
Citron, Ichang Papeda, and Atalantia

Population differentiation was evaluated using Fst. Pairwise Fst values of
comparisons between the mandarin and pummelo, citron, Ichang pa-
peda, and Atalantia was determined using VCFtools (Danecek et al.,
2011) with a 10-kb window and a 5-kb sliding window. Windows
which containing the top 20% of Fst values in either comparisons of
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mandarin-pummelo, mandarin-citron, mandarin-lchang papeda, or man-
darin-Atalantia and with which at least one pairwise Fst value that was in
the top 5% of the distribution were identified as candidates for highly
divergent regions. The region of overlap among the four candidate highly
divergent regions in all pairwise comparisons was retained.

A non-overlapping window of 10 kb was used to quantify Tajima’s D for the
mandarin populations using VCFtools (Danecek et al., 2011).

Domestication Regions in the Wild and Cultivated Mandarins

Genetic differentiation (Fst) and nucleotide diversity (r) values were calcu-
lated for the wild mandarins and two groups of cultivated mandarins using
VCFtools (Danecek et al., 2011) with a 10-kb window and a 5-kb sliding
window.

We then used updated XP-CLR (Chen et al., 2010) to screen for the
selected regions in cultivated mandarin groups. The command line was
XPCLR -c freqinput outputFile -w1 0.005 200 5000 chrN. All SNPs were
assigned to genetic positions using the previous genetic map (Lyon,
2008).

The XP-CLR scores per 500 bp were averaged across non-overlapping
5-kb windows on each chromosome. Adjacent 5-kb windows with an
average XP-CLR score higher than 80% of the genome-wide average
XP-CLR scores were joined as candidate domestication regions. We
further merged the regions separated from each other by 10 kb or less.
The top window-wise XP-CLR scores in a merged region were assigned
as the region-wise XP-CLR score. Merged regions with the top 20% of
region-wise XP-CLR scores were regarded as putative selective sweeps.
Only the candidate selective sweeps overlapping with a window with a
& ratio in the top 20% of the empirical distribution of & ratios between
the wild and cultivated groups were used.

Detection of Introgression from Wild Citrus

The divergence index (Fst) values between the wild mandarins and culti-
vated mandarins, pummelos, citrons, and Ichang papeda were calculated
using 5-kb non-overlapping windows. Genomic regions with different
degrees of divergence between mandarins and Ichang papeda (a type
of wild citrus) were identified. First, we identified the signal of wild citrus
introgression by determining whether the Fst between wild mandarin
and Ichang papeda was the lowest among those from the comparisons
of wild mandarin with all other populations. Regions with 4Fst7 > 0.09
and 4Fst2 > 0.09 (p < 0.05) were then defined as introgression regions
(Supplemental Figure 18).

AFst1 = Fst (Wildm_MD1) — Fst (Wildm_ICH); A4Fst2 = Fst (Wildm_MD2) —
Fst (Wildm _ICH).

where Wildm is wild mandarin, MD1/MD2 are cultivated mandarin groups,
and ICH is Ichang papeda.

RNA-Seq and Transcriptome Analysis

Twenty-four RNA-seq libraries (two biological replicates from 12 tissues,
an average of 4G sequencing data/sample) were generated. Four sets
of previously published RNA-seq data (Wang et al., 2017) were included
in the analysis. Raw reads were mapped to the sweet orange reference
genome using TopHat (Kim et al., 2013). The normalized expression
level of the predicted transcripts in each RNA-seq library was calculated
as FPKM (reads per kilobase per million mapped reads) using Cufflinks
(Trapnell et al., 2010).

The transcriptomes of the fruits of the wild mandarins (JYYJ and DXYJ)
and cultivated mandarins (BTJ and QTJ) were used to identify the genes
differentially expressed in the fruits of the wild mandarins and cultivated
mandarins. Three criteria were applied to identify these differentially ex-
pressed genes: (1) >2 FPKM in at least one tissue; (2) the gene with the
highest FPKM value in the wild and cultivated fruits was compared with
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the other groups; and (3) > 1.5-fold-change in expression was considered
differential expression. Finally, 4567 genes were identified as differentially
expressed between the wild and cultivated mandarin fruits.

The transcriptomes of the fruits and leaves from the wild mandarins (JYYJ
and DXYJ), sour orange, and sweet orange were compared to identify
genes with tissue-specific expression. The genes specifically expressed
in the fruits and leaves were identified based on three criteria: (1) there
was at least a 1.5-fold difference in the expression in all four fruits relative
to the leaves; (2) the gene with the highest FPKM value >2 in either the
fruit or the leaf samples of the four species was used to compare with
the other groups; and (3) a statistically significant difference of p < 0.05
and an FDR < 0.05 for the expression cutoff was used for all comparisons
between fruits and leaves. A total of 3287 genes were found to be differ-
entially expressed in fruits and leaves. We classified these 3287 genes into
four groups using the clustering results from all genes:

Group 1: 1,150 genes with higher expression in the fruit than in the leaves
and with an average expression level (FPKM) > 30 in eight samples;

Group 2: 179 genes with higher expression in the fruit than in the leaves
and with an average expression level (FPKM) < 30 in eight samples;

Group 3: 1,719 genes with lower expression in the fruit than in leaves and
with an average expression level (FPKM) > 10 in eight samples;

Group 4: 239 genes with lower expression in the fruit than in the leaves and
with an average expression level (FPKM) < 10 in eight samples.

The KO terms of the differentially expressed genes were used to recon-
struct the KEGG pathway on the website http://www.kegg.jp/kegg/.
A KEGG pathway enrichment analysis was conducted with the KO terms
from all of the genes in a genome as background using Fisher’s exact test.
The cutoff for significant differences was p < 0.05 and FDR < 0.05.

The web-based WEGO program (Ye et al., 2006) (Web Gene Ontology
Annotation Plot) was used for the GO enrichment analysis to compare
tissue-specific isoforms with all isoforms.

Sugar and Organic Acid Determination

Citrus fruits were squeezed for juice and then filtered before use. Soluble
solid content was determined using a saccharimeter (ATAGO). Acidity
was measured by titration using 0.1 M NaOH with phenolphthalein as
the indicator. Each sample was analyzed with three biological replicates
and two technical replicates.

Compositions and concentrations of soluble sugars and organic acids
were determined using gas chromatography (5%-phenyl-methyl polysi-
loxane; 30 m x 320imi.d. x 0.251m; Agilent, Palo Alto, USA) as described
by Liu et al. (2007).

URLs
TIGR: ftp://ftp.plantbiology.msu.edu/pub/data/TIGR_Plant_Repeats/;

TREP: http://wheat.pw.usda.gov/ITMI/Repeats/;
Repeatmasker: http://www.RepeatMasker.org;

Picard tools: https://github.com/broadinstitute/picard.

ACCESSION NUMBERS

Genome data for Citrus reticulata have been deposited at DDBJ/ENA/
GenBank under the accession numbers NIHA0O0000000, respectively.
The versions described in this paper are NIHA0O1000000, respectively.
The whole-genome sequencing data and transcriptome sequencing
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