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ABSTRACT

The application of staining with the guanine-cytosine specific fluorochrome chromomycin A; (CMA) of citrus chromosomes to genetic
studies is reviewed. When CMA staining is performed, the existence of characteristic CMA banding patterns with high levels of diversity
and heterozygosity in citrus chromosomes is demonstrated. Similar CMA banding patterns have been observed in related species. Thus,
CMA banding patterns of chromosomes have been considered to provide very important information for phylogenic studies in citrus.
Chromosomal identification of citrus has also progressed rapidly by means of the CMA banding method. Chromosomes exhibiting the
same CMA banding pattern were separated and classified using the relative sizes of fluorescent bands as indices. All nine chromosomes of
haploid citrus were identified by this method. Analysis of the chromosomal configuration of parental materials and their progeny was
efficient for genetic improvement in citrus. Characteristic chromosomes could be used as a marker for the parent-progeny relationship
since these chromosomes are transmitted from the parents. In particular, CMA chromosome staining is a very powerful tool for ploidy

manipulation. The advantage of using CMA staining is that the entire chromosomal configuration can be clearly observed at once.

Keywords: breeding, CMA, genetic resources, haploid, karyotype, phylogenic relationship
Abbreviations: CMA, chromomycin A;; DAPI, 4’-6-diamidino-2-phenylindole; FISH, Fluorescence in situ hybridization; GISH,

Genomic in situ hybridization
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INTRODUCTION

Chromosomal analysis is important for genetic and biotech-
nological studies including breeding, genomic analysis, so-
matic hybridization, and ploidy manipulation (Lamb et al.
2006). In citrus (2n=18), one of the most important fruit
trees cultivated in temperate and subtropical regions, these
studies are essential for genetic improvement. The behavior
of chromosomes in meiosis has been studied for some time.
In particular, it was elucidated that several meiotic aberra-
tions of chromosomes caused seedless or few seeds in cit-
rus (Nakamura 1943; Naithani and Raghuvanshi 1958; Ra-
ghuvanshi 1962; Iwamasa 1966). On the other hand, chro-
mosomal analyses of the mitosis of citrus have not prog-
ressed though chromosomal counts of many Citrus species
and have mainly been conducted for polyploidy breeding
(Nakamura 1934; Krug and Bacchi 1943; Tachikawa et al.
1961). For chromosome counts, chromosome samples were
usually made by paraffin section or the squash method
combined with aceto-carmine or aceto-orcein staining
(Krug 1943; Oiyama 1981). Guerra et al. (1997) analyzed
chromosome number, position, and number of secondary
constrictions and satellites by means of the squash method
with Giemsa staining, and found high structural variability
and heterozygosity of citrus chromosomes. However, in
genneral, conventional methods have been suitable for the

investigation of chromosome numbers, but not for chromo-
some identification because of the small chromosome size
and the similarity in chromosome morphology.

Kurata and Omura (1978) developed the enzymatic
maceration method for making clearly shaped chromosomes.
This method is quite useful for preparing good chromo-
somes in plants with small chromosomes (Fukui 1996). Ito
et al. (1992) and Kitajima (2001) applied this method to cit-
rus, and obtained good preparations.

The identification of morphologically similar chromo-
somes could be possible because several banding techniques
which are more effective than conventional staining tech-
niques have been developed (Friebe ef al. 1996). Of these
methods, C-banding and fluorescent banding using the base-
specific binding fluorochrome were applied to citrus chro-
mosome analysis. Heterochromatin patterns were detected
and some chromosomes could be identified by C-banding
(Guerra 1985; Liang 1988).

The guanine-cytosine (GC)-specific fluorochrome chro-
momycin A; (CMA) and adenine-thymine (AT)-specific
fluorochrome 4’-6-diamidino-2-phenylindole (DAPI) ban-
ding methods are quite reliable and useful for identifying
chromosomes of various plants (Schweizer 1976; Hizume et
al. 1989; Hizume 1991). Citrus CMA/DAPI chromosome
banding patterns were first reported by Guerra (1993). Cit-
rus chromosomes showed CMA positive-bands but not
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Fig. 1 Schematic representation of chromosome types in citrus
according to the position of CMA-positive bands. A: two telomeric and
one proximal band, B: one telomeric and one proximal band, C: two telo-
meric bands, D: one telomeric band, E: without bands, F: one proximal
band, Dst: type D with a satellite chromosome. The gray regions indicate
CMA-positive bands.

DAPI positive-bands. The CMA banding pattern of each
chromosome was classified into several types. All materials
showed a large amount of heterochromatin and heterozy-
gosity. The following studies (Miranda ef al. 1997a; Befu et
al. 2000; Cornelio et al. 2003; Carvalho et al. 2005) repor-
ted almost the same chromosomal characteristics of Citrus
and related genera. In addition, Befu et al. (2000) reported
that not all DAPI negative-bands correspond to CMA posi-
tive-bands. It seems that CMA staining is more useful than
DAPI staining for chromosomal identification in citrus
from these results.

Fluorescence in situ hybridization (FISH) using the ri-
bosomal RNA gene (rDNA) as a probe has been conducted
in citrus and rDNA sites were located in some CMA posi-
tive-bands (Matsuyama et al. 1996; Miranda et al. 1997b;
Roose et al. 1998; Pedrosa et al. 2000; Carvalho et al.
2005). TGG repeated-sequences in chromosomes were also
detected (Matsuyama ef al. 1999).

Of the above mentioned methods, CMA banding com-
bined with the enzyme maceration method is considered to
be easy, reliable, informative, and useful for chromosomal
analyses in citrus. The utilization of CMA banding for
studies of genetics, breeding, and genetic resources in citrus
is discussed in this review.

APPLICATION OF CMA BANDING TO
PHYLOGENIC STUDIES IN CITRUS

CMA banding patterns of many citrus accessions were elu-
cidated after Guerra’s first report (1993) (Miranda et al.
1997a; Befu et al. 2000, 2001, 2002; Cornelio et al. 2003;
Yamamoto and Tominaga 2003; Carvalho ez al. 2005;
Yamamoto et al. 2005, 2007). Those studies indicated that
CMA-positive bands are reproducible and can be detected
in metaphase chromosomes. A high degree of diversity and
heterozygosity were demonstrated in citrus chromosomes.
Chromosomes were classified into the following seven
types based on the number and position of CMA-positive
bands (Miranda et al. 1997a; Befu et al. 2000; Yamamoto
and Tominaga 2003; Yamamoto et al. 2007): A: two telo-
meric and one proximal band, B: one telomeric and one
proximal band, C: two telomeric bands, D: one telomeric
band, E: without bands, F: one proximal band, and Dst:
type D with a satellite chromosome (Figs. 1, 2).

Table 1 summarizes the CMA banding patterns of so-
matic chromosomes of various Citrus species (Matsuyama
et al. 1996; Miranda et al. 1997; Befu et al. 2000; Pedrosa
et al. 2000; Befu et al. 2001, 2002; Yamamoto and Tomi-
naga 2003, 2004b; Yamamoto et al. 2005, 2007). CMA ban-
ding patterns of Poncirus and Fortunella were also revealed
(Table 2) (Miranda et al. 1997; Befu et al. 2000; Kunitake
et al. 2005). Guerra (1993), Cornelio et al. (2003) and Car-

valho ef al. (2005) elucidated the CMA banding patterns of
approximately 30 Citrus accessions. There is a slight dif-
ference in the classification of chromosomes between the
studies included in Table 1 and Guerra (1993), Cornelio et
al. (2003) and Carvalho et al. (2005); e.g. Guerra (1993)
distinguished type D with large band from same type with
small one, and they (Guerra 1993; Cornelio et al. 2003; Car-
valho et al. 2005) described type FL which is the largest
chromosome with absent or very small band. Thus, Table 1
excludes their results.

The Citrus species exhibited high chromosomal varia-
bility with characteristic banding patterns, and a similar pat-
tern has been observed in related accessions. Type D and E
chromosomes were predominant in almost all Citrus species.
Befu et al. (2001) suggested that types D and E are the basic
chromosome types in citrus, and types A, B and C arose
from type D by inversion and/or translocation. C. medica, C.
limon, C. aurantifolia and mandarins possessed large num-
bers of type D and E chromosomes in general. In particular,
all 18 chromosomes of C. reshni and C. sunki belonged to
types D and E. On the other hand, large total numbers of
type A, B, and C chromosomes were observed in C. maxima.
Few mandarin and papeda possessed type F. The type Dst
chromosome was detected in only two species in the sub-
genus Papeda and not at all in subgenus Citrus.

Numerical taxonomic studies (Barrett and Rhodes 1976;
Handa and Oogaki 1985), biochemical studies (Handa ez al.
1986) and DNA analyses (Yamamoto et al. 1993; Nicolosi
et al. 2000) have revealed that C. medica, C. maxima, and C.
reticulata of Swingle’s system (1943) are the basic species
of the subgenus Citrus. Other species, such as C. sinensis, C.
paradis, and C. limon, are of hybrid origin. In addition, pa-
pedas, non-edible citrus, have played an important role in
the development of edible Citrus species (Hirai and Kajiura
1987; Federici et al. 1998; Nicolosi ef al. 2000).

C. medica, the chromosomal configuration of both ac-
cessions was 2B+8D+8E. This might indicate that each ho-
mologous chromosome had the same CMA-positive band as
C. medica in contrast to many Citrus species in which some
homologous chromosomes did not exhibit the same CMA-
positive band. It is considered that this result reveals the
non-hybrid origins of C. medica.

Large total numbers of type A, B, and C chromosomes
have been considered a characteristic CMA configuration in
C. maxima though some accessions do not possess the type
B chromosome. Five to seven types of A, B and C chromo-
somes were observed in five accessions (Table 1).

C. reticulata of Swingle’s system (mandarin) has many
accessions with marked differences in morphological and
biochemical traits (Torres et al. 1978; Handa and Oogaki
1985), much higher than that found in C. maxima and C.
medica. There was also wide variation in the CMA configu-
ration of C. reticulata, but numbers of type A, B, and C
chromosomes were generally lower. Cornelio et al. (2003)
stated that the simplest karyotype (only D and E chromo-
somes) was a candidate to represent C. reticulata as a true
species. In addition they considered that type C may be the
original because many species of mandarin have it. Manda-
rin accessions having types A and B were speculated to be
hybrids and from the lime-lemon-citron-pummelo group.
This hypothesis agreed with previous studies (Handa et al.
1986; Herrero et al. 1996; Nicoloci et al. 2000); C. nobilis
having types A and B was considered to be a hybrid of
sweet orange and mandarin. C. fachibana, a small fruit
mandarin originating in Japan, possessed characteristic type
F chromosomes. This was observed only in C. tachibana
and its relatives in the subgenus Citrus. Chloroplast DNA
and mitochondrial DNA of C. tachibana slightly differ from
those of C. reticulata of Swingle’s system (Yamamoto et al.
1993; Nicolosi ef al. 2000). These results on DNA and our
chromosomal analysis suggest that C. fachibana separated
from other mandarins at an early date.

The ancestors of species considered to be of hybrid ori-
gin according to isozyme and DNA analyses (Hirai and Ka-
jiura 1987; Nicolosi et al. 2000; Gulsen and Roose 2001)
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seem to be as follows: C. limon: C. aurantium and C. medii-
ca, C. aurantifolia: C. micrantha and C. medica, C. auran-
tium, C. sinensis, C. hassaku, C. natsudaidai and C. iyo: C.
maxima and C. reticulata, C. paradisi: C. maxima and C.
sinensis, C. tankan: C. reticulata and C. sinensis. The num-
ber of each type of chromosome (chromosome configura-
tion) of each species was intermediate between those of
each ancestoral species. The type A chromosomes of C. au-
rantium and C. paradisi were considered to be derived from
C. maxima. The resemblance is found in the CMA banding
patterns of C. medica and those of its putative progeny C.

Fig. 2 CMA staining of somatic chromosomes in Citrus species. 1: C. medica Etrog, 2: C. medica Fingered
citron, 3: C. limon Allen Eureca, 4: C. aurantifolia Mexican lime, 5: C. aurantium Common sour orange, 6: C.
aurantium Bouquet, 7: C. sinensis Comuna, 8: C. reticulata Cleopatra, 9: C. reticulata Sunki, 10: C. maxima
Hayasaki, 11: C. paradisi Marsh, 12: C. tachibana, 13: C. ichangensis, 14: C. latipes, 15: C. micrantha, 16: C.
macroptera, 17: C. hystrix. A, B, C, F and Dst: See Fig. 1. Bar in 17 represents 5 um for all figures. (modified
from Yamamoto et al. 2007, with kind permission, The Japanese Society for Horticultural Science).

limon and C. aurantifolia; a number of types B, D, and E
are similar.

C. micrantha and C. hystrix belonging to the subgenus
papeda, possessed a characteristic type of chromosome Dst
that was not observed in any species of the subgenus Citrus.
The type F chromosome found only in C. fachibana in the
subgenus Citrus was observed in C. macroptera and C. hys-
trix. Since these two species of papeda were not close to C.
tachibana (Federici et al. 1998; Nicolosi et al. 2000), it
probably arose independently in papeda and C. tachibana.
The chromosomal configurations suggested that C. micran-
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Table 1 CMA banding patterns of somatic chromosomes of various Citrus species.

Latin name Common name CMA banding pattern’ Reference’
Swingle’s system' Tanaka’s system®
Subgenus Citrus
Citron
Citrus medica L. var. ethrog Engl. C. medica L. var. ethrog Engl. Etrog Citron 2B+8D+8E 7
C. medica L. var. sarcodactylis C. medica L. var. sarcodactylis Fingered Citron 2B+8D+8E 2,7
(Hoola van Nooten) Swingle (Hoola van Nooten) Swingle
Lemon, lime and their relatives
C. limon (L.) Burm. f. . C. limon (L.) Burm. f. Allen Eureka 1B+1C+8D+8E 7
C. spp. C. jambhiri Lush. Rough Lemon 1B+11D+6E 5
C. spp. C. jambhiri Lush. Rough Lemon 1B+8D+9E 11
C. aurantifolia (Christm.) Swingle C. aurantifolia (Christm.) Swingle = Mexican Lime 2B+9D+7E 7
Sour orange
C. aurantium L. C. aurantium L. Daidai 1B+2C+8D+7E 3
C. aurantium L. C. aurantium L. Common sour orange 1A+1B+1C+7D+8E 7
C. aurantium L. C. aurantium L. Bouquet 1A+1B+1C+7D+8E 7
Sweet orange and its relatives
C. sinensis (L.) Osbeck C. sinensis (L.) Osbeck Trovita 2B+2C+7D+7E 4,5
C. sinensis (L.) Osbeck C. sinensis (L.) Osbeck Washington Navel 2B+2C+7D+7E 1,5
C. sinensis (L.) Osbeck C. sinensis (L.) Osbeck 10 cultivars 2B+2C+7D+7E 6
C. sinensis (L.) Osbeck C. sinensis (L.) Osbeck Comuna 2B+2C+7D+7E 7
C. spp. C. tankan hort.ex Tanaka Tarumizu 1 go 1A+1B+1C+8D+7E 8
Mandarin
C. reticulata Blanco C. reticulata Blanco Ponkan cv. Yoshida 1B+1C+9D+7E 3
C. reticulata Blanco C. reticulata Blanco Ponkan cv. Yoshida 1B+1C+10D+6E 9
C. reticulata Blanco C. reshni hort. ex Tanaka Cleopatra 15D+3E 9
C. reticulata Blanco C. tangerina hort. ex Tanaka Dancy 1C+10D+7E 9
C. reticulata Blanco C. sunki (Hayata)hort. ex Tanaka Sunki 12D+6E 9
C. reticulata Blanco C. succosa hort. ex Tanaka Honchiso (Ben di zao) 1A+1B+10D+6E 5
C. reticulata Blanco C. succosa hort. ex Tanaka Honchiso (Ben di zao) 1A+1C+10D+6E 9
C. reticulata Blanco C. kinokuni hort. ex Tanaka Mukaku-Kishu 1C+8D+9E 3
C. reticulata Blanco C. kinokuni hort. ex Tanaka Kinokuni 1C+8D+9E 9
C. reticulata Blanco C. deliciosa Ten. Mediterranean cv. 1C+10D+7E 9
Tardivo di Ciaculli
C. reticulata Blanco C. suhuiensis hort. ex Tanaka Shikaikan (Szu ui kom) 1B+10D+7E 9
C. reticulata Blanco C. nobilis Lour. King 1A+1B+1C+8D+7E 9
C. reticulata Blanco C. nobilis Lour. Kunenbo 1A+1B+2C+5D+9E 9
C. reticulata Blanco C. clementina hort. ex Tanaka Clementine 1B+1C+10D+6E 10
C. reticulata Blanco C. keraji hort. ex Tanaka Kabuchi 2B+2C+5D+7E+2F 9
C. reticulata Blanco C. keraji hort. ex Tanaka Keraji 1A+1B+7D+8E+1F 9
C. reticulata Blanco C. leiocarpa hort. ex Tanaka Koji 1C+8D+9E 2
C. reticulata Blanco C. leiocarpa hort. ex Tanaka Koji 2B+1C+6D+9E 9
C. reticulata Blanco C. unshiu Marcow. Satsuma mandarin 2C+8D+8E 9
cv. Juman
C. reticulata Blanco C. unshiu Marcow. Satsuma mandarin 1A+1C+8D+8E 2,9
cv. Okitsu Wase
C. reticulata Blanco C. depressa Hayata Shiikuwasha 1C+10D+6E+1F 9
C. tachibana (Makino) Tanaka C. tachibana (Makino)Tanaka Tachibana 1C+10D+5E+2F 9
Pummelo
C. maxima (Burm.) Merr. C. maxima (Burm.) Merr. Shadenyu 3A+2C+7D+6E 5
C. maxima (Burm.) Merr. C. maxima (Burm.) Merr. Tosa-Buntan 1A +1B +5C+2D+9E 1
C. maxima (Burm.) Merr. C. maxima (Burm.) Merr. Ban-okan 2A +1B +3C+3D+9E 2
C. maxima (Burm.) Merr. C. maxima (Burm.) Merr. Tanikawa-Buntan 3A+2C+4D+9E 3
C. maxima (Burm.) Merr. C. maxima (Burm.) Merr. Hayasaki 3A+3C+4D+8E 7
Pummelo relatives
C. paradisi Macfad. C. paradisi Macfad. Duncan 2A+1B+1C+6D+8E 2
C. paradisi Macfad. C. paradisi Macfad. Marsh 2A+3C+6D+7E 7
C. spp. C. hassaku hort. ex Tanaka Hassaku 1A+1C+8D+8E 8
C. spp. C. tamurana hort. ex Tanaka Hyuganatsu 2A+2C+5D+9E 8
C. spp. C. natsudaidai Hayata Kawano Natsudaidai 1A+2C+7D+8E 8
C. spp. C. iyo hort.ex Tanaka Miyauchi Iyokan 1A+1B+1C+8D+7E 8
Yuzu and its relatives
C. ichang-austera hybrid C. junos Sieb. ex Tanaka Yamame 2B+1C+11D+4E 8
C. spp. C. spaerocarpa hort. ex Tanaka Kabosu 3B+2C+5D+8E 8
C. spp. C. sudachi hort. ex Shirai Sudachi 1B+2C+9D+6E 8
Subgenus Papeda
C. ichangensis Swingle C. ichangensis Swingle Ichang papeda 2B+2C+12D+2E 7
C. latipes (Swingle) Tanaka C. latipes (Swingle) Tanaka Khasi papeda 2A+5C+8D+3E 7
C. micrantha Wester C. micrantha Wester Biasong 1B+11D+4E +2Dst 7
C. macroptera Montr. C. macroptera Montr. Melanesian papeda 2B+1C+11D+3E+1F 7

C. hystrix DC.

C. hystrix DC.

Purutt

3B+1C+8D+3E+2F+1Dst 7

! Swingle (1943), 2 Tanaka (1977), > A: two telomeric and one proximal band, B: one telomeric and one proximal band, C: two telomeric bands, D: one telomeric band, E:

without band, F: one proximal band, Dst: type D with a satellite chromosome.

4 1: Befu ez al. (2000), 2: Befu et al. (2001), 3: Befu et al. (2002), 4: Matsuyama et al. (1996), 5: Miranda et al. (1997), 6: Pedrosa et al. (2000), 7: Yamamoto et al. (2007), 8:

Yamamoto et al. (2005), 9: Yamamoto and Tominaga (2003), 10: Yamamoto and Tominaga (2004b), 11: Yamamoto (unpublished).
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Table 2 CMA banding patterns of somatic chromosomes of Poncirus and Fortunella.

Latin name Common name CMA banding pattern' Reference’
Poncirus trifoliata (L.) Raf. Trifoliate orange 2B+10D+8E 3

4B+8D +6E 1
Fortunella hindsii (Champ. ex Benth.) Swingle Kinzu 2B+16D 2,3
Fortunella japonica (Lour.) Swingle Round kumquat 2B+2C+16D 3
Fortunella japonica (Lour.) Swingle Round kumquat 1A+1B+1C+16D+1F 2
Fortunella margarita (Lour.) Swingle Oval kumquat 1A+1B+2C+13D+1F 2
Fortunella crassifolia Swingle Meiwa kumquat 2A+1B+2C+12D+I1F 2

"' A: two telomeric and one proximal band, B: one telomeric and one proximal band, C: two telomeric bands, D: one telomeric band, E: without band.
2 1: Befu et al. (2000), 2: Kunitake ef al. (2005), 3: Miranda ez al. (1997).

Fig. 3 CMA, DAPI and Giemsa stained
chromosomes of haploid Clementine. Left:
stained with CMA (each number corres-

- ponds to the number in Table 3), center:
» e stained with DAPI, right: stained with Giem-
~ sa. Bar represents 5 pm. (from Yamamoto
-~ M, Tominaga S (2004a) Scientia Horticul-
¥ turae 101, 201-206, with kind permission,
‘ -t Elsevier, ©2004).
1

Table 3 Choromosome identification of haploid Clementine accordimg to CMA, DAPI and Giemsa staining (according to Yamamoto M, Tominaga S
(2004a) Scientia Horticul-turae 101, 201-206, with kind permission, Elsevier, ©2004).

No.' CMA band® Intensity of CMA band Region of very light CMA (+) spot

Region of DAPI (-) band Length of chromosome® (1um)

1 B! 3.1+0.15
2 ct 3.1+0.19
3 D Heavy* 3.1+0.17
4 D Intermediate’ 2.7+0.21
5 D Light Opposite terminal region to CMA (+) Two terminal regions* 24+0.24
band*
6 D Light Nothing* One terminal region* 23+0.15
(corresponding to CMA (+) band)
7 E 3.3+0.25°
8 E 24017
9 E 1.80.16*

"Each number correponds to the chromosome in Fig. 3.

2 B: one telomeric and one proximal band, C: two telomeric bands, D: one telomeric band, E: without band.

3 Average in 10 cells
* Each chromosome could be identified using this item.

tha, C. macroptera, and C. hystrix were differentiated from
the subgenus Citrus. This result agreed with that of Nico-
losi et al. (2000) who revealed the distance between those
three species of papeda and subgenus Citrus by using DNA
markers. Analyses of DNA (Federici et al. 1998; Nicolosi e?
al. 2000), Fraction I protein (Handa et al. 1986), and iso-
zymes (Hirai and Kajiura 1987), showed the genetic simila-
rity between C. latipes and C. maxima. Federici et al.
(1998) supposed that C. latipes was of non-hybrid origin
according to RFLP data. C. latipes was the only species that
possessed the type A chromosome in the subgenus Papeda.
It seems that C. latipes was the ancestor of C. maxima, and
that the type A chromosome of C. maxima was derived
from C. latipes. The resemblance in total numbers of type A
and C chromosomes of C. latipes and C. maxima seems to
support this concept. Although C. ichangensis was a dis-
tinct species and very different from most other subgenus
Citrus and papeda species according to DNA analysis
(Federici et al. 1998), its cpDNA was close to C. reticulata
(Nicolosi et al. 2000). Hirai and Kajiura (1987) suggested a
similarity of isozyme banding patterns between C. ichan-
gensis and Yuzu. Resemblance was found in the CMA
banding patterns of C. ichangensis and Yuzu. C. ichan-
gensis may therefore be very closely related to Yuzu.
Fortunella and Poncirus, very closely related Citrus,
showed contrastive CMA banding patterns. Two to nine
type E chromosomes were observed in all Citrus and Pon-
cirus, but not in Fortunella. These results suggested less di-
vergence between Citrus and Poncirus compared with For-

tunella. In some cases, heterochromatin (CMA(+)) volume
probably tends to increase with evolution (Deumling and
Greihuber 1982; Tkeda 1988). Fortunella was considered to
have the most advanced morphological characterics (Tana-
ka 1954). These results are consistent with the hypothesis
(Miranda et al. 1997a).

The CMA banding patterns in the chromosomes of 17
species belonging to 15 genera of Rutaceae subfamily Au-
rantioideae (=Citroideae) including Citrus were analyzed by
Guerra et al. (2000). Generally more basal genera exhibited
very small amounts of heterochromatin (CMA (+)), whereas
relatively advanced genera displayed numerous large CMA
(+) bands.

KARYOTYPING

Although the use of fluorescent banding, such as CMA
and/or DAPI used for chromosome staining, has allowed the
identification of chromosomes with morphological simi-
larities according to their banding patterns, not all chro-
mosomes could be distinguished. Chromosomes exhibiting
the same fluorescence banding pattern were separated and
classified using the relative intensity/size of fluorescent
bands as indices. These differences were stable and repro-
ducible thus, were used to distinguish between same types
of citrus chromosomes (Befu et al. 2002; Yamamoto and
Tominaga 2004a).

Befu et al. (2002) analyzed CMA banding patterns of
chromosomes in four cultivars; 3A+2C+4D+9E in ‘Tani-
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kawa-Buntan’ (C. maxima), 1B+1C+9D+7E in ‘Yoshida
ponkan’ (C. reticulata), 1C+8D+9E in ‘Mukaku-Kishu’ (C.
kinokuni) and 1B+2C+8D+7E in sour orange (C. auran-
tium). Types C and B chromosomes could be categorized
into more than one group according to relative inten-
sity/sizes of CMA (+) regions as indices. In addition, a few
chromosomes with the same CMA banding pattern were
classifiable on the basis of chromosome length. The CMA
banding patterns were 1A-I+2A-11+1C-I+1C-1I+4D+9E in
‘Tanikawa-Buntan’ (C. maxima), 1B+1C+7D-I+1D-11+1D-
III+7E in “Yoshida ponkan’ (C. reticulata), 1C+5D-I+3D-
II+8E-I+1E-II in ‘Mukaku-Kishu’ (C. kinokuni), and
1B+1C-1+1C-1I+4D-1+2D-I1+2D-III+7E in sour orange (C.
aurantium).

Not all 18 chromosomes of diploid citrus were identi-
fied though the relative intensity/sizes of CMA (+) regions
are useful as indices for classification. Chromosomal iden-
tification in haploid cells should be easier than that in dip-
loid cells since they have a lower chromosome number
(2n=9). The identification is greatly facilitated in other spe-
cies using haploid plants (Fukui and Iijima 1991).

Yamamoto and Tominaga (2004a) identified the karyo-
type of haploid Clementine (C. clementina hort. ex Tanaka)
produced by Oiyama and Kobayashi (1993) by means of
sequential Giemsa/CMA/DAPI staining. Using CMA
staining, haploid Clementine chromosomes were classified
into four types based on the number and position of the
CMA-positive bands: type B, C, D and E. One type B chro-
mosome, one type C chromosome, four type D chromo-
somes, and three type E chromosomes were observed (Fig.
3). Type D chromosomes were categorized into three
groups according to the relative intensity of the CMA-posi-
tive (+) bands. One chromosome was heavily stained, an-
other was intermediate in staining intensity, and two chro-
mosomes were lightly stained. Although the length of the
two chromosomes with light CMA (+) bands was almost
identical (Table 3), the chromosomes could be separately
identified since one had a very light CMA (+) spot in the
terminal region opposite the CMA (+) band, a characteristic
that the other lacked. The two chromosomes could also be
distinguished by DAPI staining. One chromosome had
DAPI negative (-) bands in both terminal regions, while the
other had one terminal DAPI (-) band which corresponded
to a CMA (+) region (Fig. 3). Based on chromosome length,
type E chromosomes could be divided into three types: long
(3.3 pm), medium (2.4 pm), and short (1.8 um) (Table 3).

The data shows that using haploid Clementine as plant
material, citrus chromosome identification can be efficient-
ly made by an estimation of the relative intensity of CMA-
positive regions on the chromosomes.

Since high heterozygosity is a characteristic of citrus
chromosomes, making it very difficult to identify all 18
chromosomes by karyotype analysis, haploid citrus plants
are useful for identifying chromosomes. Several haploid
plants have been produced in citrus (Hidaka ef al. 1979; Oi-
yama and Kobayashi 1993; Germana et al. 1994; Toola-
pong et al. 1996; Germana and Chiancone 2001). The iden-
tification of their chromosomes is considered to be very im-
portant because almost all species possesses characteristic
CMA banding patterns.

In Giemsa, CMA and DAPI staining, it is difficult to
identify the position of the centromeres. By contrast, the

Fig. 4 CMA staining of somatic chromo-
somes in seedlings from C. kinokuni X C.
tachibana. Left: two type F chromosomes,
center: one type F chromosome, right: no
type F chromosome. Arrows indicate type
F chromosomes. Bar represents 5 pm.

discrimination of centromeres was easier when quinacrine
mustard (QM) staining was used compared to Giemsa stain-
ing (Befu et al. 2000). QM therefore is useful for chro-
mosomal identification. Kitajima ef al. (2001) conducted the
Multi-color GISH (Genomic in situ hybridization) of
satsuma mandarin (C. wnshiu) chromosomes hybridized
with labeled total DNA of satsuma mandarin and ‘Tosa-
Buntan’ (C. maxima). Fourteen out of 18 chromosomes
could be identified by this method. Therefore the sequential
Giemsa/QM/CMA/DAPI staining technique and/or multi-
color GISH seems to be very effective for future chromo-
somal identification in citrus.

APPLICATION OF CMA BANDING TO GENETICS
AND BREEDING

Since citrus showed high variability of CMA banding pat-
terns in their chromosomes, characteristic and small num-
bers of chromosomes such as types A, B, C and F would be
marker chromosomes in genetic studies. Inheritance and/or
segregation of marker chromosomes were confirmed using
Tachibana (C. tachibana) possessing characteristic type F
chromosomes was used as parental materials (Yamamoto
unpublished). CMA banding patterns in hybrids derived
from Kinokuni (C. kinokuni) (1C+8D+9E) in CMA banding
pattern crossed with Tachibana (1C+10D+5E+2F) were ob-
served. Numbers of type F chromosomes of hybrids were
classified into three types; none, one and two (Fig. 4). This
result demonstrated the segregation of type F chromosomes
and the usefulness of characteristic chromosomes as mark-
ers for genetic and breeding studies in citrus.

Yang et al. (2002) estimated the chromosome pairing set
of ‘“Tosa-Buntan’ (C. maxima) according to the CMA band-
ing patterns of hybrids derived from a ‘Tosa-Buntan’
(1A+1B+5C+2D+9E) X ‘Suisho-Buntan’ (3A+3C+3D+9E)
cross. From the results of 13 kinds of chromosomal configu-
rations of 38 hybrids, the pairing set of chromosome type in
‘Tosa-Buntan’ was estimated as AB+CC+CC+CD+DE+EE+
EE+EE+EE or AB+CC+CC+DD+CE+EE+EE+EE+EE. A
few triploid or tetraploid hybrids appeared from both dip-
loid parents in citrus (Esen and Soost 1971; Geraci et al.
1975; Yang et al. 2002). Yang et al. (2002) also estimated
the origin of the unreduced gamete from the chromosome
configuration of polyploid hybrids.

CMA banding patterns of chromosomes are useful for
analyzing configurations in citrus somatic hybrids as well as
hybrid seedlings (Miranda et al. 1997c). They detected puta-
tive structural alterations of one chromosome in one somatic
hybrid produced from C. jambhiri + C. reticulata.

The production of pure lines (homozygous plant) is es-
sential for the advancement of citrus breeding. However, it
is very difficult to obtain pure lines by conventional re-
peated self-pollination because of a long juvenile period.
Therefore, haploid and doubled haploid plants are valuable.
It is possible that the configuration of CMA-stained chro-
mosomes could be used for the detection of chromosome
doubling in haploid cells. Yamamoto and Tominaga (2004b)
used a mixoploid plant (variant) with both haploid and dip-
loid cells which arose from haploid Clementine (C. clemen-
tina) produced by Oiyama and Kobayashi (1993). The chro-
mosomal configuration was 2B+2C+8D+6E for the diploid
cells of the mixoploid plant, 1B+1C+4D+3E for the haploid
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plant, and 1B+1C+10D+6E for Clementine (Fig. 5). By
CMA staining of the chromosomes it could be determined
that the diploid cells of the variant were doubled haploid
cells. The chromosomal configuration of the diploid cells of
the variant differed from that of the original diploid
Clementine. The number of chromosomes of each type in
the diploid cells of the variant (2B+2C+8D+6E) was twice
that in the haploid plant (1B+1C+4D+3E). As mentioned
above, the configuration of the CMA-stained chromosomes
of almost all the accessions of Citrus showed a high degree
of heterozygosity, i.e., some homologous chromosomes did
not show the same CMA-positive band. In these accessions,
each haploid plant derived from a gamete is likely to differ
in chromosomal configuration, due to the occurrence of
segregation of the CMA-positive band in homologous chro-
mosomes. The homologous chromosomes of the doubled
haploid cells obtained from these haploid plants showed the
same CMA-positive band, in contrast to the configuration
in the original diploid plants. Therefore, a CMA analysis of
chromosomes appears to be a very suitable method for the
identification of doubled haploids in citrus. In previous
studies (Germana et al. 1994, 2000), isozyme and RAPD
analyses were used for the identification of doubled hap-
loids in citrus. Compared with these methods, the advan-
tage of a chromosomal analysis with CMA staining is that
whole chromosomes can be clearly observed in one image.
A doubled haploid plant produced by a haploid ‘Banpeiyu’
(C. maxima) was also confirmed based on chromosome
configuration analysis by CMA staining (Yahata er al.
2005). The haploid was composed of 1A+1B+1C+2D+4E,
and that of the doubled haploid was 2A+2B+2C+4D+8E.

CONCLUSION

A high degree of diversity and heterozygosity were detected
in CMA-stained chromosomes in Citrus and related genera.
Other fruit trees such as peach (Prunus persica (L.) Batch)
showed no variation of CMA banding patterns in the chro-
mosomes and the same CMA banding pattern of homolo-
gous chromosomes (Yamamoto et al. 1999). The diversity
and heterozygosity of CMA banding patterns are unique
characteristics of citrus chromosomes, and thus a very
powerful tool for genetic studies in citrus.

Since compared with other staining methods, CMA
staining is reliable, informative and relatively easy, large
amounts of material can be analyzed. Therefore, CMA ban-
ding analysis of citrus chromosomes was useful for eluci-
dation of phylogenic relationships and evolution of Citrus
and related genera and karyotyping and utilization of mark-
ers for breeding.

However, identification of all 18 chromosomes of Cit-
rus and related genera is difficult by CMA staining alone.
CMA staining combined with multicolor GISH (Kitajima et
al. 2001) or multicolor FISH (Murata et al. 1997) could be-
come a suitable tool for identifying all the chromosomes in
citrus, and provide useful information on genetics in citrus.
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