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Abstract
Pummelo (Citrus maxima) is considered as one of the true citrus species. Together with mandarin (C. reticulata),
it gave rise to the hybrid sweet orange (C. sinensis) and other important citrus crops. Although these species have
2n = 18, each has a unique heterochromatin distribution. The aims of this study were to identify chromosome
homoeologies between pummelo and other true citrus species, to investigate the karyotypic changes involved in
the chromosomal evolution between true citrus and to shed light into the origin of sweet orange hybrid karyotype.
Mitotic metaphase chromosomes of pummelo and sweet orange were double stained with the fluorochromes
CMA/DAPI (Chromomycin A3/4’-6-diamidino-2-phenylindole), and identified by FISH (Fluorescence in Situ
Hybridization) with chromosome-specific BAC (Bacterial Artificial Chromosome) markers. The results were
compared to previously established cytogenetic maps of mandarin, C. medica and Poncirus trifoliata. Only
chromosomes 1, 4 and 8 were maintained unaltered among species, with chromosomes 2 and 3 being among the
least conserved in heterochromatin distribution. BACs were conserved in position among homoeologs and the
markers mapped to chromosomes 2 and 3 indicated that sweet orange karyotype largely conserved one
chromosome from pummelo and one from mandarin. Despite conserved synteny, expansion and contraction of
heterochromatic blocks accounted for the differences between karyotypes, even between the hybrid sweet orange
and pummelo.
Keywords: BAC, comparative mapping, FISH, heterochromatin, karyotype evolution, synteny
1. Introduction
Citrus maxima (Burm.) Merrill (Aurantioideae, Rutaceae), formerly classified as C. grandis (L.) Osbeck, and
more commonly known as pummelo, is mostly cultivated in Southeast Asia for consumption as fresh fruit
(Swingle & Reece, 1967). Morphological, molecular and more recently genomic data confirmed C. maxima, as
well as C. medica L. and C. reticulata Blanco, as the main ancestral citrus species, also known as true, pure, wild
or basic species. By crossing between them and other species of this genus, hybrids of economic importance
were produced, such as C. sinensis (L.) Osbeck (sweet orange), C. aurantium (L.) (sour orange) and C. limon (L.)
Burm. f. (lemon) (Scora, 1975; Barrett & Rhodes, 1976; Nicolosi et al., 2000; Moore, 2001; Velasco &
Licciardello, 2014; Wu et al., 2014; Wu et al., 2018).
Pummelo, similarly to the other Citrus species and related genera, shows a very stable chromosome number (2n
= 2x = 18), with small chromosomes (2 to 4 µm), meta- to submetacentric. Nevertheless, fluorochrome staining
using chromomycin A3 (CMA) and 4’-6-diamidino-2-phenylindole (DAPI) revealed different banding patterns in
Citrus, facilitating the characterization of karyotypes (Guerra, 2009). According to the distribution pattern of the
CMA+/DAPI- heterochromatic bands, various chromosomal types have been distinguished in the genus: A (two
terminal and one proximal band), B (one terminal and one proximal band), C (two terminal bands), D (one
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terminal band), E (one interstitial band), F (no band) and G (two bands localized in the same chromosomal arm,
one subterminal and another terminal). The FL type is the largest among the F type chromosomes (Guerra, 1993;
Carvalho et al., 2005). All karyotypes of the Citrus accessions studied revealed the presence of D and F type
chromosomes, while types A, B, C, E and G are usually rare and are utilized as chromosome markers to
differentiate among the accessions of this genus (Cornélio et al., 2003; Carvalho et al., 2005; Moraes et al.,
2007a, 2007b; Guerra, 2009), and others related to it (Brasileiro-Vidal et al., 2007). Pure species show
homomorphic karyotypes (both homoeologs with similar morphology and banding pattern), while hybrid
accessions show heteromorphic karyotypes (Guerra, 2009).
‘Pink’ and ‘Israel’ pummelo cultivars revealed a homomorphic karyotype formula with 4A + 2C + 4D + 6F + 2FL
(Moraes et al., 2007b; Barros e Silva et al., 2010), supporting pummelo as a pure Citrus species. Previous reports
had proposed slightly different karyotype formulae for certain C. maxima accessions, with heteromorphism in at
least one of their chromosome pairs (Guerra, 1993; Befu et al., 2000; Yang et al., 2002; Yamamoto et al., 2007).
These differences may suggest a hybrid origin for some analysed materials, but they may be, at least in part, due
to technical limitations, since some A chromosomes have faint terminal bands (therefore not detected in all cells)
due to the low amount of CsSat, the satellite DNA sequence present in these CMA+ bands (Guerra, 2009; Barros
e Silva et al., 2010). A combined analysis of the CMA+/DAPI- heterochromatic banding pattern, as well as the
distribution of rDNA (ribosomal DNA) sites using fluorescence in situ hybridization (FISH), enabled the
identification of the type A chromosomes and a pair of F chromosomes as carriers of the 35S (also known as 45S)
and 5S rDNA sites, respectively (A/35S and F/5S) in pummelo (Moraes et al., 2007b). The F/5S subtype
chromosome is unique to C. maxima and its hybrids and was observed in ‘Orlando’ tangelo (C. paradisi Macfad.
× C. tangerina hort. ex Tanaka), pummelo and sweet orange (Pedrosa et al., 2000; Moraes et al., 2007a, 2007b).
Among the species included in this genus, C. sinensis (sweet orange) is the most widely cultivated. Its
cytogenetic analysis revealed that, although this species has a heteromorphic karyotype (2B + 2C + 7D + 5F +
2FL) due to its hybrid origin, all analysed cultivars have the same karyotype, probably because of its asexual
propagation (Matsuyama et al., 1996; Miranda et al., 1997; Befu et al., 2000; Pedrosa et al., 2000). Indeed ten
cultivars of sweet orange showed they were all derived from the same genome by somatic mutations (Wu et al.,
2018). Due to its heteromorphic karyotype, chromosome pairs could not be recognized and its 18 chromosomes
were separated in four groups according to their CMA+/DAPI-bands. FISH with rDNA probes revealed two
B/35S,one D/5S-35S and one F/5S (Pedrosa et al., 2000). Correlation between chromosomes and genome
scaffolds is still not available (Xu et al., 2013).
Although different studies confirm C. maxima and C. reticulata as C. sinensis parents (Scora, 1975; Barrett &
Rhodes, 1976; Green et al., 1986; Yamamoto et al., 1993; Nicolosi et al., 2000; Moore, 2001; Barkley et al.,
2006; Uzun et al., 2009; Li et al., 2010; Froelicher et al., 2011), its exact origin remains controversial (Xu et al.,
2013; Wu et al., 2014), because its karyotype is not as expected from a simple hybridization scheme (Pedrosa et
al., 2000; Guerra, 2009) and its genome constitution reveals a complex history of admixture (Wu et al., 2018).
However, as its chromosomes could not be individually distinguished, the degree to which the parental
chromosome types are present in this hybrid could not be confirmed. Nevertheless, the combination of
CMA+/DAPI- banding, location of the rDNA sites and BAC-FISH in Poncirus trifoliata (L.) Raf. (4B + 8D + 4F
+ 2FL), a close relative of Citrus, enabled the identification of the nine chromosome pairs of the species (Moraes
et al., 2008; Da Costa Silva et al., 2011). Using these markers, comparative cytogenetic maps of C. medica
‘Etrog’ (Mendes et al., 2011) and C. reticulata ‘Cravo’ (Da Costa Silva et al., 2015) were constructed.
Considering the available markers, the chromosomes pairs 2 and 3 showed the most polymorphism among the
species studied.
The major aim of this study was to build a comparative cytogenetic map of pummelo, finishing the mapping of
the three main ancestral citrus species: citron (Mendes et al., 2011), mandarin (Da Costa Silva et al., 2015) and
pummelo (present work). Besides, we analyzed the chromosomes 2 and 3 in sweet orange to examine the
putative karyotypic changes involved in the origin of this hybrid species.
2. Materials and Methods
2.1 Plant Material and Chromosome Preparations
Citrus maxima ‘Siamese Pink’ (further referred to as ‘Pink’) and C. sinensis ‘Valencia’ seeds were obtained from
the Citrus Active Germplasm Bank of Embrapa Cassava & Fruits, Cruz das Almas, Bahia, Brazil. ‘Pink’ is the
male parent of ‘Chandler’, which has low-acid pummelo, ‘Siamese sweet’, as female parent (both recently
sequenced, Wu et al., 2014). ‘Pink’ was selected because it is the male parent of ‘Chandler’, already sequenced,
and it has a well-characterized, homomorphic karyotype, excluding it as a possible hybrid (Moraes et al., 2007b).
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Its seeds were introduced in Brazil from the UCR Citrus Variety Collection- University of California, Riverside.
Three grafted individuals are being maintained near to ‘Israel’ and ‘Chandler’ pummelos. Because pummelo is
self-incompatible and its seeds are monoembryonic, it is expected that seedlings are derived from crosses
between different individuals. Therefore, we selected for further analysis only seedlings that showed after
CMA/DAPI staining (see below) the same homomorphic karyotype already described for the mother plant by
Moraes et al. (2007b). ‘Valencia’ is one of the sweet orange leading varieties worldwide and it has recently been
sequenced as a dihaploid line (Xu et al., 2013). Although previous studies suggested it has a reciprocal
translocation (Lan et al., 2016), no evidence for such translocation was obtained from cytogenetic (Pedrosa et al.,
2000) or genomic analyses (Wu et al., 2014, 2018).
For cytogenetic analyses, root tips from the germinated seeds were pre-treated with 8-hydroxyquinoline (0.002
M) for 5 h at 18 °C. They were fixed in a ratio of 3:1 (v/v) ethanol/acetic acid for 18-24 h at room temperature
and stored at −20 °C. The cytological preparations were performed according to Da Costa Silva et al. (2011).
2.2 CMA/DAPI Staining
After aging for three days, the slides were stained with CMA and DAPI according to Moraes et al. (2007a), with
0.1 mg/ml CMA. The slides were mounted in McIlvaine’s buffer (pH 7.0) and glycerol (1:1, v/v) and the best
metaphases were photographed after three days, using an epifluorescence Leica DMLB microscope, equipped
with a Cohu CCD video camera, employing the QFISH Leica software. Slides from seedlings showing the
maternal karyotype formula were destained before storing at −20 °C for later use for in situ hybridization.
2.3 Probes
Nine BACs (01B09, 02C12, 20C13, 14A12, 21L13, 24C13, 28A05, 28A07 and 59C23), previously established
as chromosomal markers (Moraes et al., 2008; Da Costa Silva et al., 2011) were chosen from the P. trifoliata
‘Pomeroy’ genomic library (Yang et al., 2001) and used for BAC-FISH in C. maxima. The 5S rDNA sites were
located using the D2 plasmid clone from Lotus japonicus (Pedrosa et al., 2002). Markers of chromosomes 2
(BAC 21L13) and 3 (28A07) were used to identify these chromosomes in C. sinensis. Isolation of the DNA of
BACs and plasmid was done employing the Plasmid Mini Kit (Qiagen) according to the manufacturer’s protocol.
Labelling of all the probes was accomplished using the Nick Translation Mix (Roche Diagnostics) with
Cy3-dUTP (GE).
2.4 Fluorescence in Situ Hybridization (FISH)
The FISH procedure was performed based on the protocol of Da Costa Silva et al. (2011), with 72% final
stringency. Chromosomes were counterstaining with 2 µg/ml DAPI in Vectashield medium (Vector).
Rehybridization was performed to detect different DNA sequences in the same cell, according to
Heslop-Harrison et al. (1992). The images were superimposed and adjusted for brightness and contrast using
Adobe Photoshop CS3 version 10.0.
2.5 Measurements of Chromosomes
The mean relative chromosome size, the size of the CMA+ band and arm ratios were calculated for each
chromosome pair of C. maxima based on measuring five mitotic metaphases, according to Da Costa Silva et al.
(2011). The absolute chromosome sizes were estimated in megabase pairs (Mbp) based on the genome size
(0.779 pg/2C) estimated for ‘Pink’ by Ollitrault et al. (1994). Chromosome morphology classification followed
Guerra (1986) and chromosome types, Carvalho et al. (2005).
The software Image Tool 3.0 was used to locate the relative position of single copy BACs in C. maxima
according to Fonsêca et al. (2010) and Da Costa Silva et al. (2011). Measurements were performed in 15
chromatids per BAC clone. Chromosomes were numbered according to the nomenclature proposed by Da Costa
Silva et al. (2011). Relative position of BACs in relation to chromosome types in C. sinensis was confirmed in at
least five metaphases.
3. Results
3.1 Citrus maxima ‘Pink’
The genome size of C. maxima ‘Pink’ is approximately 380.9 Mbp (1C = 0.39 pg, as established by Ollitrault et
al., 1994). It is distributed on nine chromosomes (2n = 18), which are either meta- or submetacentric, with sizes
ranging from 1.69 to 2.52 micrometers (Figure 1 and Figure A1). According to the number and distribution of
CMA+/DAPI- heterochromatic bands, the karyotype formula was 4A + 2C + 4D + 6F + 2FL. As previously
shown (Guerra, 2009), even in individuals showing this karyotype formula in most cells, in some metaphases the
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small term
minal CMA+/D
DAPI- band in tthe short arm oof one type A pair (Figure 11a) or the fainnt proximal ban
nd of
the other A pair were nott observed (Figgure 1c), resem
mbling types B and C chrom
mosomes, respeectively.

Pink’ stained w
with CMA/DAP
PI (a, c and e) and
Figure 1. Mitotic metapphases of Citruus maxima (Buurm.) Merril ‘P
in situ hybridized witth BACs 24C113 (pink, chr. 11), 28A05 (redd, chr. 6) (b) 200C13 (green, chr. 4) (b and d),
3 (b and f), 21L13 (red, chr. 2) (d) and 14A
A12 (pink, chr.. 3) (f). Chrom
mosomes 7 werre
28A077 (green, chr. 3)
identifiedd as type A withhout BAC signnal (b and f). T
The dashed inssert in (a) and ((b) indicates thhree chromosomes
of the sam
me metaphase that were apprroximated. Inssets in (b) show
w enlarged chrromosomes 1, 3 and 4. Bar in
n (f)
correspondss to 2.5 microm
meters
Employingg a set of nine BAC probes aand the 5S rDN
NA, in associaation with the C
CMA+/DAPI- bbanding pattern, all
chromosom
me pairs of thee complement were identifieed and classifieed based on thhe citrus nomeenclature (Da Costa
C
Silva et all., 2011), and confirmed ‘Pink’ as a homoomorphic acceession. Measurrements of thee CMA+ band sizes
revealed tthat about 233% of the C. maxima ‘Pink’ karyotypee is composeed of CMA+/D
DAPI- constittutive
heterochroomatin, ranginng from 23.7% in chrom
mosome 4 too 55.2% in chromosome 3. Howeverr, no
heterochroomatic blocks were
w visible inn chromosomes 1, 5, 8 and 9 (Figure A1).
Chromosoome 1, type FL, metacentric, was identifiedd by the hybridization of BA
AC 24C13 in tthe terminal re
egion
of its shorrt arm (Figures 1a-1b). The BAC 21L13 hybridized adjjacently to thee CMA+/DAPII- band of the long
arm of chrromosome 2 (tyype D, metaceentric) (Figuress 1c-1d).
Chromosoomes 3 (type A, metacentriic) and 4 (typpe D, metacenntric) were iddentified by tw
wo BACs each. In
chromosom
me 3, the BAC
Cs 14A12 and 28A07 were ddetected adjaccent to the CM
MA+/DAPI-bandds on the short and
long arms, respectively (Figures 1e-1f). In this chroomosome, the proximal CM
MA+ band was not always clearly
visible. Chhromosome 4 was identifiedd by BACs 02C
C12 (data not shown) and 20C13 (Figuress 1c-1d) mapped in
the interstiitial region of the
t short arm aand adjacent too the heterochrromatic band oof the long arm
m, respectively
y.
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Chromosoome 5 (a submetacentric typee F) was identiified by the 5S
S rDNA site inn the proximal region of the short
arm (Figurres A2a-A2b). In one of the six individualss analysed withh the 5S rDNA
A probe, signalls were observ
ved in
a heteromoorphic pair: in one type F chhromosome andd adjacent to thhe CMA+/DAP
PI- band of a tyype D chromosome
(data not sshown). Since the BAC 28A
A05 hybridizedd adjacent to the CMA+/DA
API- band of thhe short arm of
o the
type C paiir (metacentricc), it was identtified as chrom
mosome 6 (Figures 1a-1b). T
The submetacenntric chromoso
omes
8 and 9 weere both type F.
F The BAC 011B09 was mappped in the term
minal region oof the short arm
m of chromosome 8
(data not sshown), whereeas the presencce of the BAC 59C23, assocciated with resiistance to the citrus tristeza virus
(CTV) (Yaang et al., 2001), in the interrstitial region oof the long arm
m enabled the rrecognition off the chromosome 9
pair (Figurres A2c-A2d).
No BAC m
marker has beeen described foor chromosome 7 (submetaceentric type A). In the metaphhases where ty
ype A
chromosom
me 3 was deteected by markers, the terminnal CMA+/DA
API- band in thhe short arm of chromosome
e 7 is
normally ssmaller than frrom chromosome 3, and som
metimes not visible (Figures 1a and 1e). Thhe relative possition
of each maarker is shownn in the idiograam (Figure A1)).
3.2 Chrom
mosome Markerrs in Citrus sinnensis ‘Valencia’
The karyootype formula 2B
2 + 2C + 7D
D + 5F + 2FL ((Figure 2a) waas confirmed ffor C. sinensiss. BAC markerrs for
chromosom
mes 2 and 3, which differr in respect too the CMA+/D
DAPI- bandinng pattern betw
ween both pa
arents
(pummelo and mandarinn), were used tto analyse thesse chromosom
mes in the hybrrid sweet orangge. Chromosome 2
pair, recoggnized by BAC
C 21L13, was indeed heteroomorphic in C
C. sinensis. Altthough both w
were type D, in
n one
homoeologg the signal was
w observed inn the terminall region of thee short arm annd in the otherr homoeolog itt was
+
adjacent to a smaller CMA
C
/DAPI- bband in the long arm (Figures 2a-2b), aas expected fr
from mandarin
n and
pummelo cchromosomes,, respectively.

Figure 2. M
Mitotic metaphases of Citruss sinensis (L.) Osbeck ‘Valencia’ stained w
with CMA/DA
API (a and c) an
nd in
situ hybrridization withh BACs 21L13 (red, chr. 2) (bb) and 28A07 (red, chr. 3) (dd). Bar in (d) corresponds to 2.5
m
micrometers
The presennce of BAC 28A07
2
enabledd the identificaation of the chhromosome paair 3 in sweet orange, which
h was
also heteroomorphic. Thiss BAC was maapped adjacennt to the CMA+/DAPI- bands in the long arrms of a type B and
in the smaallest type C chhromosome (F
Figures 2c-2d)). Thus, as exppected from the parental karyyotypes, this probe
p
confirmedd that neither tyype B or C chrromosomes aree homoeologouus in sweet oraange (Figure 3)).
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Figure 3. Schematic reepresentation oof gametic karyyotypes generaated by Citrus maxima (Burm
m.) Merril and
d C.
reticulataa Blanco compared with the ssomatic karyottype of C. sineensis (L.) Osbeeck (adapted frrom Pedrosa ett al.,
2000; Da Costa Silva ett al., 2015; andd present work)). Some chrom
mosomes are reepresented upsside down from
m the
originall idiogram to maintain
m
the coollinearity of B
BAC markers. C
Changes in C. sinensis chrom
mosome types in
relation too the expected from the parenntal gametes (llack of terminaals CMA+/DA
API- bands in chhromosomes 3 and
7, resulting in tyype B chromossomes) are inddicated by dashhed squares
4. Discusssion
A comparaative cytogeneetic map for puummelo ‘Pink’’ was construccted combiningg the in situ hyybridization off nine
BAC clonnes establishedd as chromosom
me markers foor citrus (Morraes et al., 20008; Da Costa Silva et al., 2011),
with the loocalization off CMA+/DAPII- heterochromaatic bands andd the 5S rDNA
A site. The cyytogenetic markers
utilized coonfirmed the homomorphic
h
karyotype off this accessioon, because alll BACs hybriidized to a pa
air of
chromosom
mes of the sam
me type in the ssame position (Moraes et al.,, 2007b; Barroos e Silva et al.., 2010).
The chrom
mosomal analyysis revealed thhat the ~380.99 Mbp C. maxxima ‘Pink’ genome comprisses about 23.3% of
CMA+/DA
API- heterochroomatin (HC). T
This amount oof heterochrom
matin is slightlly more than tthat found in other
citrus speccies examined like P. trifoliata (~376.5 Mppb; HC = 21.8%
%), C. medicaa (~401.5 Mpb; HC = 18.4%) and
C. reticulaata (~373.0 MP
PB; HC = 21.44%) (Kayum eet al., 1998; Da Costa Silva et al., 2011; M
Mendes et al., 2011;
2
Da Costa S
Silva et al., 20015), and it is ccompatible witth the karyotyppic differencess in their form
mulae, as C. ma
axima
is the onlyy species with three chromosome pairs haaving heterochrromatic bandss in both arms. These differe
ences
should bee associated with
w
the contrraction and/orr expansion oof CsSat satelllite DNA, thhe repetitive DNA
D
sequences that constitutee most of the C
CMA+/DAPI- bbands in Citruss (Barros e Silvva et al., 2010).
Chromosoome type A iss a characterisstic marker foor pummelo kkaryotypes (Guuerra, 2009). ‘Pink’ and ‘Issrael’
karyotypess have four tyype A chromoosomes (Moraees et al., 20077b; Barros e S
Silva et al., 22010), but diffferent
accessionss previously annalysed showeed from one too four chromoosomes A per kkaryotype (Miiranda et al., 1997;
1
Befu et al., 2000, 2001, 2002; Yangg et al., 20022; Yamamoto et al., 2007),, remaining uunclear whethe
er an
intraspeciffic variation iss present or whhether these ddifferences are a result of thee differences iin the sensitiviity of
the techniqques employedd (Guerra, 20009). When BAC
C markers for chromosome 3 were employyed, a differen
nce in
the size off the heterochroomatic bands bbetween chrom
mosomes 3 andd 7 (type A) off C. maxima ‘P
Pink’ was identtified.
A smaller amount of CsSat
C
is likelyy present in thhe weaker bannd of the shorrt arm of chroomosome 7 an
nd is
therefore not always visible as a CMA+ band beecause of the reduced senssitivity of the CMA stainin
ng in
comparisoon to FISH (Baarros e Silva ett al., 2010). Sim
milarly to typee B chromosom
mes (Pedrosa eet al., 2000), ty
ype A
chromosom
mes (pairs 3 annd 7 of C. maxxima) showed 335S rDNA sitees co-localizedd with the proxximal CMA+/D
DAPIbands andd are recognizeed as subtypee A/35S (Moraaes et al., 20007a, 2007b; Barros e Silva et al., 2010). This
proximal bband is also evvident in somee cells as CMA
A0 (neutral for CMA stainingg), resulting inn chromosomess that
resemble a C type, mostt likely due to the small sizee of this rDNA
A site or its epiigenetic status (Da Costa Sillva et
al., 2015).
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Pummelo also has a chromosome pair of the F/5S subtype. This subtype was detected in the chromosomal
accessions derived from C. maxima, like the hybrids ‘Orlando’ tangelo, ‘Murcott’ tangor, grapefruit (C. paradisi)
and sweet orange. These accessions are all derived from C. maxima crosses and have a single F/5S chromosome
(Pedrosa et al., 2000; Moraes et al., 2007a, 2007b). One pummelo seedling analysed in the present study showed
a 5S rDNA site in one type D chromosome, what was unexpected. This could suggest a hybrid origin for this
individual seedling (Moore, 2001); however, no known accession would provide two type A and one D/5S
chromosome in its gamete (Guerra, 2009). Therefore, it is more likely that a rearrangement between one of its F
and a chromosome D took place in this individual, changing the heterochromatin content of two chromosomes
without changing its karyotype formula. A translocation event involving a 35S rDNA site has been reported in
the cultivars ‘USDA’ and ‘Pomeroy’ of trifoliate orange (Barros e Silva et al., 2010).
Phylogenetic studies including true and hybrid species and using different molecular markers indicated a greater
proximity between C. maxima and C. reticulata than C. medica, and P. trifoliata as the most distant species
(Nicolosi et al., 2000; Barkley et al., 2006; Pang et al., 2007; Uzun et al., 2009). However, the phylogenetic
analysis of 27 nuclear genes, including the possible true species but excluding the hybrids, showed that C.
maxima is more closely related to C. medica, while C. reticulata is closer to P. trifoliata (Garcia-Lor et al., 2013).
The close proximity between Poncirus and Citrus was also evidenced in phylogenetic studies using chloroplast
DNA sequences (Bayer et al., 2009; Penjor et al., 2010, 2013; Carbonell-Caballero et al., 2015). Recent
whole-genome phylogenetic reconstructions confirmed the partial incongruence between nuclear versus plastid
genome-derived phylogenies, but also confirmed the closer proximity of C. maxima and C. medica, as well as P.
trifoliata as a distinct, early divergent clade (Wang et al., 2017; Wu et al., 2018). On comparing the cytogenetic
maps of C. reticulata, C. medica and P. trifoliata, several changes in the C. medica lineage were suggested, with
a relative conservation of the C. reticulata and P. trifoliata karyotypes (Mendes et al., 2011; Da Costa Silva et al.,
2011; Da Costa Silva et al., 2015). The C. maxima map in fact highlights karyotype similarities with C. medica,
especially on chromosome 2, 3 and 5, and confirms the greatest karyotype similarity reported between C.
reticulata and P. trifoliata, representing ancestral karyotype features (Figure 4). Therefore, the chromosome data
presented here support the phylogenetic relationships proposed by Wu et al. (2018).

154

jas.ccsenet.org

Journal of A
Agricultural Sciience

V
Vol. 11, No. 14; 2019

Figure 4. Schematic reppresentation off the karyotypees of Citrus maaxima (Burm.) Merril (presennt work) comp
pared
to C. retticulata Blancoo, C. medica L
L. and Ponciruss trifoliata (L.) Raf. (adaptedd from Mendes et al., 2011; Da
D
Costa Silvva et al., 2011; Da Costa Silvva et al., 2015),, showing the ddifferences bettween chromosome types, size of
CMA-ppositive heteroochromatic bannds, distributioon of rDNA annd BACs. Phyllogenetic relatiionships amon
ng
species were based onn Wu et al. (20018). Some chrromosomes aree represented uupside down fr
from the origin
nal
idiogram tto maintain thee collinearity oof the BAC maarkers
The C. maaxima map connfirms that thee changes in thhe number andd position of tthe CMA+/DA
API- bands occu
urred
often in thhis group. Chroomosomes 1 (F
FL type), 4 (D type) and 8 (F
F type) are thee only ones thaat appear to re
emain
unchangedd. Chromosom
mes 6 and 7 exxperienced thee expansion off heterochrom
matic blocks in C. maxima, while
w
chromosom
mes 5 and 9, and
a 6 and 7 w
were subjected to expansion aand contractioon, respectivelyy, in the C. me
edica
lineage. Chromosome 3 is perhaps thee most polymoorphic among species (A, B or C type). T
The presence of
o the
proximal 335S rDNA sitte in chromosoome 3 is anceestral and connserved in the group, but thhis site was largely
reduced inn size in C. reeticulata (Da C
Costa Silva ett al., 2015). Fuurthermore, itss position wass changed betw
ween
chromosom
me arms in thee Poncirus or C
Citrus lineagess. A second ancestral rDNA site in chromoosome 5, linked
d to a
5S rDNA site in C. reticculata and P. trrifoliata (Barroos e Silva et aal., 2013), was lost in the C. maxima/C. me
edica
lineage. C
Conservation of BAC positioons indicates, however, that major transloocations were never fixed in
n any
lineage, im
mplying a highh degree of connservation of syynteny within the group, as aalso indicated from genomic
c data
(Wu et al.,, 2014).
Several linnes of evidencee support that C. sinensis has originated byy hybridizationn of C. maximaa and C. reticu
ulata,
but the exact origin of this
t hybrid waas controversiaal (Scora, 19755; Barrett & R
Rhodes, 1976; Green et al., 1986;
1
Yamamotoo et al., 1993; Nicolosi
N
et al.,, 2000; Moore, 2001; Barkleey et al., 2006; Uzun et al., 2009; Li et al., 2010;
Froelicherr et al., 2011; Garcia-Lor et al., 2013; Xuu et al., 2013; Wu et al., 20114). Sweet oraange is a hybrrid of
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complex origin, because two pummelo and two mandarin alleles were observed in different chromosome
segments, ruling it out as a F1 or BC1 hybrid (Garcia-Lor et al., 2013; Wu et al., 2014). After multiple
introgressions, a single hybrid was probably propagated asexually and experienced genetic mutations, giving rise
to the various sweet orange cultivars (Barrett & Rhodes, 1976; Guerra, 2009; Wu et al., 2018). Based on the
identification of homoeologous chromosome pairs from C. reticulata and C. maxima (Da Costa Silva et al., 2015;
and present paper), it is possible to predict the parental contributions to the sweet orange karyotype as follows: (i)
C. reticulata—1C [Chromosome 3] + 5D [2, 4, 5, 6 and 7] + 2F [8 and 9] + 1FL [1]; and (ii) C. maxima—2A [3
and 7] + 1C [6] + 2D [2 and 4] + 3F [5, 8 and 9] + 1FL [1] (Figure 3). But because it has a complex admixture
history, sweet orange could have, for each chromosome pair, a mandarin/mandarin, mandarin/pummelo or
pummelo/pummelo combination, as well as recombinant types. Our chromosomal data is, however, compatible
with a sweet orange karyotype formed by one chromosome set from pummelo and one from mandarin, which
have experienced previous segmental introgressions. C. reticulata ‘Cravo’ karyotype formula is compatible with
the putative ancestral mandarin karyotype that gave rise to sweet orange (Da Costa Silva et al., 2015; present
data). Sweet orange chromosome pair 2 (both D type) is formed by a C. reticulata chromosome, whose BAC
was mapped terminally in the short arm, and the C. maxima homoeolog, whose BAC was mapped in the terminal
region of the long arm. The difference between both homeologs is the presence of a heterochromatic block
opposite or adjacent, respectively, to the BAC clone, changing chromosome morphology. Chromosome pair 3
was formed by one of the C chromosomes (originating from C. reticulata) and one of the Bs (probably derived
from the A type C. maxima chromosome 3). Although scattered discrepancies between the two genome
assemblies (‘Valencia’ and ‘Clementina’) has been observed, no large scale chromosomal reciprocal
translocation was detected (Wu et al., 2014). Indeed, the karyotype of the sequenced ‘Valencia’ dihaploid (Xu et
al., 2013; Lan et al., 2016) can be inferred as: chr. 1-type F, chr. 2-D, chr. 3-B, chr. 4-D, chr. 5-D, chr. 6-C, chr.
7-B, chr. 8-F and chr. 9-F.
As a pummelo hybrid, it was expected that two type A chromosomes (one copy of chromosome 3 and one copy
of 7) had been passed down to sweet orange (Guerra, 2009). However, the presence of two type B chromosomes,
not present in either parent, is observed in all sweet orange accessions (Matsuyama et al., 1996; Miranda et al.,
1997; Befu et al., 2000; Pedrosa et al., 2000; Barros e Silva et al., 2010; and in this study). Some C. maxima A
chromosomes (chromosome 7) are observed as Bs in different cells because of the small size of the CMA+
terminal band in the short arm (e.g., Figures 1a or 1e). In light of the high variability in the CMA+ bands in
Citrus, it seems possible that A chromosomes have experienced loss or gain of repetitive DNA sequences that
compose these terminal bands in the ancestral or present-day pummelo accessions, respectively, or loss during
sweet orange hybrid formation. Comparison of the cytogenetic maps of C. maxima, C. reticulata, C. medica and
P. trifoliata showed that chromosomes 3 and 7 are the most variable among species in terms of heterochromatin
distribution (Mendes et al., 2011; Da Costa Silva et al., 2011; Da Costa Silva et al., 2015; present work). The
other possibility, that the B chromosomes may have been inherited from another species, not C. maxima,
involved in this cross, is, however, very unlikely (Guerra, 2009; Wu et al., 2014, 2018).
5. Conclusions
With the constructed cytogenetic map of pummelo, the maps of the three main pure citrus species are now
available. The established chromosome homeologies confirmed that the differences among pure species are
related to variation in heterochromatin distribution in some chromosome pairs, mainly in chromosomes 2 and 3.
These marker chromosomes can be used to investigate chromosome composition and evolution of citrus hybrids,
such as demonstrated for the main hybrid sweet orange, providing important information for the taxonomy,
evolution and genetic improvement of this group.
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Appendixx A

Figure A
A1. Idiogram of
o Citrus maxim
ma (Burm.) Meerril ‘Pink’ shoowing chromosome types, inndividual avera
age
size of chrromosomes (S) in µm and M
Mbp, percentagge of heterochrromatin per chrromosome (% HC) and the mean
m
relative location of BA
AC clones (l, w
with telomere of short arm beiing 0 and telom
mere of long aarm, 1). When two
t
BACs weere located on the
t same chrom
mosome (chroomosomes 3 annd 4), the first value correspoond to the loca
ation
of the B
BAC from the short
s
arm and the second vallue to the BAC
C from the longg arm. The 35S
S rDNA sites are
a
shown in green and yelllow, in case thhey were co-loccalized with thhe CMA positivve bands (Morraes et al., 2007b),
whereas thhe 5S rDNA is shown in red. The CMA positive bands annd position of BAC clones arre shown in ye
ellow
and orannge, respectiveely

Figure A22. Metaphase cells
c
from Citrrus maxima (Burm.) Merril ‘Pink’ stained w
with CMA/DA
API (a) and (c) and
in situ hhybridization with
w the 5S rD
DNA (chr. 5) (bb) and BAC 599C23 (chr. 9) (dd). Insets in (dd) show enlarge
ed
chhromosomes with
w greater conntrast and maggnification. Barr in (d) correspponds to 2.5 m
micrometers
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