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Abstract

Citrus sinensis chromosomes present a morphological differentiation of bands after staining
by the fluorochromes CMA and DAPI, but there is still little information on its chromosomal
characteristics. In this study, the chromosomes in ‘Valencia’ C. sinensis were analyzed by
fluorescence in situ hybridization (FISH) using telomere DNA and the 45S rDNA gene as
probes combining CMA/DAPI staining, which showed that there were two fragile sites in
sweet orange chromosomes co-localizing at distended 45S rDNA regions, one proximally
locating on B-type chromosome and the other subterminally locating on D-type chromo-
some. While the chromosomal CMA banding and 45S rDNA FISH mapping in the doubled
haploid line of ‘Valencia’ C. sinensis indicated six 45S rDNA regions, four were identified as
fragile sites as doubled comparing its parental line, which confirmed the cytological hetero-
zygosity and chromosomal heteromorphisms in sweet orange. Furthermore, Ag-NOR iden-
tified two distended 45S rDNA regions to be active nucleolar organizing regions (NORs) in
diploid ‘Valencia’ C. sinensis. The occurrence of quadrivalent in meiosis of pollen mother
cells (PMCs) in ‘Valencia’ sweet orange further confirmed it was a chromosomal reciprocal
translocation line. We speculated this chromosome translocation was probably related to
fragile sites. Our data provide insights into the chromosomal characteristics of the fragile
sites in ‘Valencia’ sweet orange and are expected to facilitate the further investigation of the
possible functions of fragile sites.

Introduction

Sweet orange (Citrus sinensis [L.] Osbeck), as the most important Citrus species with great eco-
nomic and health value, is grown in 114 countries and accounts for nearly 70% of the world’s
Citrus production [1]. C.sinensis is believed to arise from the crossing between ancestral pom-
melo and mandarin with polymorphic alleles in the genome [2]. The breeding and related
researches of C. sinensis are rather challenging because of its high heterozygosity [3]. Doubled
haploid lines of “Valencia’ sweet orange (C. sinensis [L.] Osbeck) has been generated via anther
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culture [4], which carrying a gametophytic chromosome constitution is extremely valuable for
genetic and genomic studies. Then further clarifying the chromosome characteristics of C.
sinensis combining with its double haploid line is essential for understanding the genome struc-
ture of sweet orange from chromosomal view. Although the Citrus chromosome number

(2n = 2x = 18) is relatively small, it is challenging to obtain a fine karyotype with traditional
cytology methods, because Citrus metaphase chromosomes are very small and morphologically
similar. The employment of chromomycin A3 (CMA) and 4’, 6-diamidino-2-phenylindole
(DAPI) present a remarkable differentiation of bands and has allowed the identification of sev-
eral chromosomal types. According to the distribution and number of the CMA bands, Car-
valho et al. [5] defined eight types as A, B, C, D, E, F, FL and G, modified on the report by
Guerra [6]. The D-type and F-type are common in the majority of Citrus chromosomes,
whereas the A, B, C, E, and G types are relatively rare and therefore more meaningful for kar-
yotyping [7, 8]. In situ hybridization techniques, such as fluorescence in situ hybridization
(FISH) and genomic in situ hybridization (GISH), the most reliable methods for cytogenetic
studies, are very powerful for identifying chromosome characterization and genome organiza-
tion [9]. Invariable and heterozygotic karyotype among sweet orange cultivars were revealed by
CMA/DAPI staining and in situ hybridization and the putative hybrid origins of these species
from mandarin (C. reticulata) and pummelo (C. grandis) were inferred [10]. CMA banding
and BACs-FISH can generate unique signal patterns to map the chromosomes of Poncirus tri-
foliata and to provide comparative cytogenetic maps of Citrus and trifoliate orange for karyo-
typing and phylogenetic analysis [11-14].

The ribosomal RNA genesloci are essential housekeeping genes, and abundance of rDNA
maintains genome integrity [15, 16]. 455 rDNA loci comprising 185-5.85-26S generally refer to
the nucleolar organizer regions (NORs) and become effective cytological markers for karyotype
analysis, especially in species with many small and similar chromosomes because it is highly
conserved and located in one or more clusters of chromosomes [17]. The plants have more
copies of IDNA than necessary, which vary in the number and location between intra- and
interspecific variation, and some of them don’t have transcriptional activity. 45 rDNA in many
accessions of Citrus has been investigated by Marques et al [18], which showed that the number
of 45S rDNA varies from two to five. Furthermore, transcriptionally active decondensed 45S
rDNA sites in Citrus were found to be DNA hypomethylated, while the silenced condensed
sites were strongly 5-mCyt methylated [18]. Originally from human chromosome research
fragile sites were defined as the regions that are especially prone to forming non-staining gaps,
constrictions or breaks in one or both of the chromatids on metaphase chromosomes [19]. In
human chromosomes, 45S rDNA sites of X chromosomes occasionally appeared an axial dis-
tribution and lateral expansions under confocal laser scanning microscopy, and presented a
lightly stained chromatin structure [20]. This type of 45S rDNA units were considered to corre-
spond to the most fragile sites containing hotspots of DNA double-strand breaks [21]. Under
DNA replication stresses, such as treatment with low level of DNA polymerase alpha, these
sites are prone to break and the mitotic recombination in Saccharomyces cerevisiae is increased
[22]. Such breakages are frequently involved in chromosomal rearrangements in cancer cells
and play an important role in human oncogenesis [23, 24]. Chromatin epigenetic modifica-
tions such as DNA methylation, histone methylation and acetylation are associated with the
changement of chromatin structure and related to the expression of fragile sites [25, 26]. It has
been reported that chromosome gaps, constrictions and breaks in Lolium were observed at a
high frequency on mitotic chromosomes by atomic force microscope (AFM), and these fragile
sites were exclusively associated with the 45S rDNA which resulted in chromosome fragmenta-
tion in diploid and tetraploid [27-30]. When aphidicolin or actinomycin D treatment in sev-
eral plant species, 45S rDNA fragile phenotypes appeared, and epigenetic alterations was
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observed such as DNA methylation and level of histone H3 decreasing, and histone acetylation
and level of H3K4me?2 increasing with the 45S rDNA fragile regions accompanied [30].

So far, chromosome fragile sites in woody plants have not been reported, although lightly—
staining chromatin depletion decondensation occurred at 45S rDNA regions are common in
Citrus and related genera [8, 31-35]. In the present paper, we employed the doubled haploid
callus line of C. sinensis [L.] Osbeck as the control to investigate the chromosomal characteris-
tics of “Valencia’ sweet orange. By combining CMA/DAPI banding with repetitive DNA FISH,
the cytological heterozygosity, and the number and loci of the fragile sites in “Valencia’ sweet
orange were revealed. Furthermore, Ag-NOR showed that the distended 45S rDNA regions as
fragile sites had transcriptional activity. The number and characteristics of fragile sites in Citrus
were proposed and their possible functions were discussed.

Materials and Methods
Plant materials and chromosome preparation

Fruits of “Valencia’ sweet orange cv. Rohde Red (C. sinensis [L.] Osbeck) were obtained from the
National Center of Citrus Breeding, Huazhong Agricultural University, Wuhan, China. Seeds
were peeled off and cultivated in pots in the incubator at 28°C. Root tips from the germinated
seeds (about 3-5 mm long) were successively collected. The doubled haploid callus line from
anther culture of ‘Valencia’ orange was suspension-cultured to be vigorous. To harvest meta-
phase cells, young tissues were obtained and pretreated in a saturated aqueous solution of P-
dichlorobenzene for 2 h at 20°C and fixed in 3:1 ethanol/glacial acetic acid (v/v) for 24 h, and
then were stored at -20°C in 70% ethanol solution until use. Rinsed tissues were macerated in an
enzyme mixture containing 0.25% pectinase (Sigma), 0.25% pectolyase Y-23 (Yakult) and 0.5%
cellulose RS (Onozuka) for 80-90 min at 37°C. Then, the meristem was mashed using a fine nee-
dle with a drop of 60% acetic acid, and the slide was flame-dried with a drop of fixation solution.

FISH and CMA/DAPI staining

Plasmid 45S rDNA kindly provided by Kang et al. [36] was isolated by alkaline lyses. The plasmid
DNA was labeled with biotin 16-dUTP (Roche) using the Nick Translation kit (Roche). (5-CCCT
AAA-3)s, which was used as a telomeric marker probe, was synthesized with digoxigenin at 5" end
by Shanghai invitrogen trading Co, Ltd. (China). FISH was performed following the procedures of
Cui et al. [37]. The immune-detection of biotinylated and digoxigenated DNA probes was carried
out by using Cy3-labeled streptavidin (Sigma) and anti-digoxigenin conjugate-FITC (Roche),
respectively. Slides were counterstained with a mixing solution in a proportion of 1:1 (v/v)(4 pg/ml
4’-6-diamidino-2-phenylindole (Roche):5 mg/ml chromomycin A3(Sigma)), and were mounted in
antifade solution of Vectashield (Vector Laboratories, Peterborough, UK) for 2 h at room tempera-
ture. Slides were stored over-night at 4°C to stabilize the fluorochromes, and then were examined
under a Zeiss Scope A1 fluorescence microscope (Zeiss, Germany) equipped with a Hamamatsu dig-
tal camera. Images were processed by Adobe Photoshop 8.0 software (Adobe Systems, San Jose, CA,
USA) to combine or to adjust contrast and brightness. Separate monochrome images were captured
for chromosomes (DAPI) or 45S rDNA (Cy3), and then converted into blue and green images,
respectively. Kymograms were recorded by using the “linescan” command in the software Meta-
Morph 4.6.3 with the DAPI and 45S rDNA fluorescence signal intensity as key parameters.

Silver staining of nucleolar organizing regions (NORs)

50 ul 50% (W/V) silver nitrate was added to each slide with the spreading of chromosomes and
nuclei. The slides were incubated in a moist chamber at 70°C for 1 h and washed with distilled
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water, and then were air-dried. The slides were covered with a mixing staining solution in a
proportion of 1:1 (v/v)(0.4g/ml AgNO; in 50% NH,4OH: 0.5% formic acid)and observed under
a bright field microscope (Olympus BX61) until the NORs turned black. After staining, the
slides were washed with running deionized water and air-dried again. Statistical analysis on the
number of nucleoli and NORs were conducted in more than 100 interphase cells and 10 meta-
phase cells.

Meiotic analysis of Valencia sweet orange

Appropriate young flower buds of “Valencia’ sweet orange at various developmental stages
were collected in the morning (9:00-10:00 AM), and immediately fixed in 5:3:2 ethanol: glacial
acetic acid: chloroform for 24h at room temperature. The anther were taken out and rinsed,
then macerated in an enzyme mixture containing 0.25% pectinase (Sigma), 0.25% pectolyase
Y-23 (Yakult) and 0.5% cellulose RS (Onozuka) for 60-70 min at 37°C. Microsporocytes were
squeezed out of anthers and stained in 1% aceto-carmine on a clean microscope slide. The
preparations were observed using a microscope (BX61: Olympus), and photos were taken with
an attached video camera (DP70: Olympus). At least 30 PMCs late diakinesis used to analyze
the characteristics of meiotic chromosome paring were observed, and the numbers of chromo-
some configurations per PMC were recorded.

Cytological measurement and analysis

Metaphase of both diploid and dihaploid were analyzed for the position and distribution of
CMA-DAPI bands, 45S rDNA, telomeric sites and for the integrity of chromosome morphol-
ogy. We measured the relative length and arm ratio of the chromosomes. The centromeres
were indicated by the positions of the primary constrictions. Measurements were performed
on digital images using Image-Pro Plus 6.0 software. The banding patterns were determined on
the basis of the numbers and positions of CMA positive bands. The ideogram was prepared
using Microsoft Office Excel 2003.

Results

Chromosome karyotyping of parental diploid C.sinensis cv ‘Valencia’
and its doubled haploid line (Dihaploid)

Hundreds of metaphase cells were observed in parental diploid C. sinensis by cytological exam-
ination using a routine chromosome preparation procedure. Interestingly, we found that the
number of chromosomes plus chromosome fragments was always 19, which was larger than
the expected 18 in most mitotic cells, and it is rather different to distinguish whether one “chro-
mosome” is a complete chromosome or merely a chromosome fragment before telomere-FISH
(Fig 1A). In order to confirm the chromosome numbers, FISH analysis was conducted with
telomere-specific repeated sequences (TTTAGGG);s as a probe mapping to metaphase chromo-
somes. Detection of telomeric DNA hybridization signals showed that 36 telomere signals were
observed in each cell (Fig 1B). All these signals were located at the terminals of chromosomes,
and no telomeric signals were detected at the chromosome break and in generated fragments
(Fig 1C). The chromosome numbers of the diploid was counted as 18 according to telomeric
sites. The telomere-FISH results showed that there were two gaps in each cell of diploid: one at
the chromosome subterminal (indicated by red arrow) and the other was proximal on the chro-
mosome (indicated by yellow arrow) (Fig 1C), suggesting that some chromosome fragments
had been counted as complete chromosomes before. These interesting chromosome-break
phenomena were observed uniformly in most metaphase cells. Cytological appearance of the
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Fig 1. The telomeric sites of metaphase chromosomes in diploid C. sinensis. a, DAPI-stained chromosomes; b, FISH signals; c, merged images of the
DAPI-stained chromosomes and the FISH signals. Yellow arrow indicates the break from the middle of the chromosome and red arrow indicates the break at
the subterminal of the chromosome. Break chromosome was enlarged in more detail. Scale bars = 5um.

doi:10.1371/journal.pone.0151512.g001

breakage, gap or constriction in diploid appears to be analogous to that of fragile sites observed
in human chromosomes and ryegrass [19-21, 26-30], showing that there are two chromosome
fragile sites in diploid.

The mitotic chromosomes in C. sinensis can be cytologically classified into four types, which
are respectively named as B (one terminal band and one proximal band), C (two terminal
bands), D (one terminal) and F (no band) according to CMA/DAPI banding [6, 33]. In this
study, the karyotype formulas based on CMA+ bands were 2B+2C+7D+7F for diploid C.sinen-
sis cv. Valencia (Fig 2C), and 4B+2C+6D+6F for its dihaploid (Fig 2G). Black-white reversed
images of DAPI-stained metaphase chromosomes (Fig 2A and 2E) enhanced the visualization
of the proximal fragile sites indicated by yellow arrows and the subterminal ones indicated by
red arrows (Fig 2B and 2F). The combined chromosome images of DAPI and CMA staining
(Fig 2D and 2H) showed that the proximal fragile sites were located in B-type chromosomes
and the subterminal fragile sites were located in D-type chromosomes, and all of them were co-
located with CMA+ bands. According to CMA karyotyping and the characteristics of fragile
sites, the B-type chromosomes with a proximal fragile sites were renamed as Bf and the type D
chromosomes with a subterminal fragile sites were renamed as Df. Hence, the karyotype for-
mulas were modified as B+Bf+2C+6D+Df+7F in diploid C. sinensis (Fig 2D) and 2B+2Bf+2C
+4D+2Df+6F in dihaploid (Fig 2H), respectively.

Location of 45S rDNA by FISH mapping in parental diploid C.sinensis cv
Valencia and its doubled haploid line (Dihaploid)

In plants as well as in animals, 45S rDNA sites, which are tandem DNA sequences, are impor-
tant cytological characteristics of chromosomes. Based on the karyotyping and FISH analyses,
the number and location of 45S rDNA were indicated on the mitotic interphase nucleus and
metaphase chromosomes in diploid C. sinensis and its dihaploid line. The results showed that
three signal sites of 45S rDNA in C. sinensis and six signal sites in dihaploid line were detected
in all examined cells (Fig 3). In C. sinensis, on the mitotic interphase nucleus, two decondensed
sites were at the nucleolus region and one condensed site was at the edge of the nucleus (Fig
3A). On metaphase chromosomes, two of these signals were observed at the proximal CMA+
band of the B-type and Bf-type chromosomes and the third signal was found at the subterminal
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Fig 2. DAPI/CMA doubled fluorescence banding of C. sinensis (diploid) and its doubled haploid callus line (dihaploid). a and e, DAPI staining
chromosomes; b and f, reverse image of image a and e for the visualization of fragile sites in metaphase chromosomes (yellow arrows indicate the proximal
fragile sites and the red ones indicate subterminal fragile sites); c and g, CMA staining chromosomes; d and h, merged images of DAPI/CMA staining
chromosomes (B, Bf, C, D, Df and F indicate the type of each chromosome).The chromosomes with fragile site are enlarged in more detail. Bar scales = 5uym.

doi:10.1371/journal.pone.0151512.9002

CMA+ band of the Df chromosome (Fig 3B and 3C). Meanwhile, there were six strong 45S
rDNA signals in Dihaploid line (Fig 3H-3]). On the mitotic interphase nucleus, four decon-
densed sites were at the nucleolus region and two condensed sites were at the edge of the
nucleus (Fig 3H). On metaphase chromosomes, two pairs of these sites were observed at the
proximal CMA+ band of B-type and Bf-type chromosomes and one pair was found at the ter-
minal CMA+ band of Df chromosomes (Fig 3I and 3]). Linescan curve analysis of fluorescence
signals for the chromosomes with 45S rDNA indicated that chromatin depletion or deconden-
sation occurred within the 45S rDNA regions. The chromosomes with fragile site were
enlarged and the fluorescence signals were analyzed. In the linescan curve, this difference in
signal intensity was reflected by the height of the wave crests, and the red curve and the blue
curve were very complementary. In C.sinensis the occurrence of a sharp rise in the end of the
458 regions in Fig 3D and 3F indicated that a strong fluorescence signal was present only at the
end of fragile sites while the line was almost gentle before, suggesting that a few 45S rDNAs
remain on this part of the chromosome (Fig 3D-3G). In dihaploid, the relatively flat red line-
scan curve at high lever in the gap of the chromosome indicated 45S rDNA regions had strong
fluorescence and chromatin depletion or decondensation remained within the whole 45S
region (Fig 3K-3N). The linescan curve data were in good agreement with the cytological
observations provided in Fig 3D, 3F, 3K and 3M. Obviously, all the FISH signals of 45S rDNA
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on the Bf-type and Df chromosomes were dispersed and chromatin depletion or decondensa-
tion occurred in fragile sites.

Transcriptional activities of 45S rDNA sites by silver staining in ‘Valencia’
sweet orange (C.sinensis)

In order to assess the transcriptional activities of these 45S rDNA sites, Ag-NOR staining was
conducted. Observations revealed that only two of the three 455 rDNA sites marked by FISH

projdig
w
©
%)

o
A

— .
H Z
3 3 128
5 8
g g
o o

0" Distance

projdeyiq
(%)
3

—_ —_
el w
]

]

o)}
A

Gray level(Avg)
Gray level(Avg)

1 — e 2 o]
Distance Distance

Fig 3. Localization of 45S rDNA by FISH in diploid (a-g) and dihaploid (d-n). a and h, red hybridization signals of 45S rDNA on interphase nucleus
stained by DAPI; b and i, red Cy3 as hybridization signals of 45S rDNA on metaphase chromosomes stained by DAPI; ¢ and j, DAPI and CMA staining
chromosomes (B, Bf, D and Df indicate the type of each chromosome); d, f, k and m, enlarged images of chromosome with fragile site; e, g, i and n, linescan
curve analysis of fluorescence signals for the chromosomes with 45S signals. The horizontal axis is the length of one chromosome, and the vertical axis is
the gray level which measures the intensity of the fluorescent dye and signals. The red line represents the hybridization site and signal intensity, and the blue
line shows chromosomes stained by DAPI. The yellow arrows indicate proximal decondensed 45S rDNA loci and the red arrows indicate the subterminal
decondensed 45S rDNA loci, while white arrows indicate condensed 45S rDNA loci. Bar scales =5 um.

doi:10.1371/journal.pone.0151512.9003
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Fig 4. Silver staining of NORs in C. sinensis. a, interphase nuclei with one nucleolus; b, interphase nuclei with two nucleoli; ¢, prometaphase cell; d and e,
metaphase chromosomes. Arrows indicate silver-stained NORs. Scale bars =5 pm.

doi:10.1371/journal.pone.0151512.9g004

showed Ag-NOR bands in metaphase mitosis of C. sinensis (Fig 4).The two 45S rDNA sites
with gaps showed NOR bands and were active, while the other one was silenced. 97.4% inter-
phase cells (671 in 689) had two condensed Ag-NOR sites at the edge of the nucleolus in each
cell (Fig4A), even in the 2.6% cells (18 in 689) with two nucleoli (Fig 4B). At prometaphase,
only one nucleolus was observed to carry two distended Ag-NOR sites near the nucleolar
boundary (Fig 4C). At metaphase, there were two distended Ag-NOR sites co-localized with
the fragile sites (Fig 4D and 4E).

Meiosis observation in PMCs of Valencia sweet orange

The process of meiosis essentially involves two cycles of division, involving a pollen mother cells
(PMCs) dividing and then dividing again to form 4 haploid cells. The representatives PMC meio-
sis process in “Valencia’ orange were shown in Fig 5 and there were no any abnormalities except
for the presence of one quadrivalent at diakinesis. The chromosome conjugation at diakinesis of
‘Valencia’ had been statistical analysis and the results showed that the number of bivalents ranged
from 7 to 9, with 19.8% of the PMCs showing 9 bivalents (Fig 5B), and 79.2% of the PMCs had 7
bivalents (Fig 5C). Presence of 9 bivalents indicated homology between the parental genomes.
Presence of 7 bivalents and one quadrivalent showed that except for four chromosomes, the
other 14 chromosomes were homologous to each other. The quadrivalent showed by the arrow
in Fig 5C duly indicates the occurrence of a reciprocal translocation.

Discussion
Cytological heterozygosity of in ‘Valencia’ sweet orange (C. sinensis)

The combination of chromosome morphology, CMA+ banding and FISH with tandem repeat
DNA probes enables the distinguishing of many chromosome types in C. sinensis and its diha-
ploid line (Fig 6). The CMA/DAPI banding patterns together with the FISH results observed in
C. sinensis in the present study are basically consistent with those previously reported [6, 33, 38,
39]. Here, it was further suggested that there were two fragile sites respectively observed on B-
type and D-type chromosomes (namely Bf and Df in this study). Taking the fragile sites into con-
sideration, the karyotype formula of C.sinensis was modified as B + Bf + 2C + Df + 6D + 7F.

Pedrosa et al [10] and Barros e Silva et al [31] performed CMA/DAPI banding and FISH
with rDNA and the results showed the two B-type chromosomes are homologous
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Fig 5. Meiotic analysis of ‘Valencia’ sweet orange. Pachytene(a), diakinesis(b and c), metaphase | (d), anaphase | (e), metaphase Il (f), anaphase Il (g),
and telophase ll(h). Chromosome pairing at diakinesis showed 9 bivalents in b, and 7 bivalents + 1 quadrivalent in c. Arrow in ¢ indicates quadrivalent.

Bar=5pm.
doi:10.1371/journal.pone.0151512.g005

chromosomes and the D-type chromosome with 45S rRNA was homologous with one F-type
chromosome. No difference in CMA bands and 45S rRNA was observed in original parent dip-
loid C.sinensis. According to the karyotypeformula of the original parent diploid plants, the
karyotype formula of doubled haploid line obtained by anther culture should have been 2B
+2C+ 6D + 8F or 2B + 2C + 8D + 6F. However, the results of chromosomal characterization
in doubled haploid were out of our expectation. In the present work, the callus of doubled hap-
loid showed a karyotype formula of 2B + 2Bf + 2C + 2Df + 4D + 6F and presented the same
CMA-positive bands and signals of all DNA sequences, which is in contrast with the chromo-
somal characteristics of the original parent diploid plants. Furthermore, there were six sites of
45S rDNA in doubled haploid, with two pairs proximally located on B-type and Bf-type chro-
mosomes and one pair subterminally located on Df chromosomes, which had been further sup-
ported by the genome sequencing of C. sinensis [2]. “Valencia’ was reported to be a
heterozygous reciprocal translation which resulted in meiotic irregularities [40]. It is possible
that B-type and Bf-type were homeologous chromosomes, which were always considered to be
homologous as previously reported [8, 31, 41]. We speculated reciprocal translation between
the Bf-type chromosome and one D chromosome occurred and then formed a new D-type and
Bf-type chromosomes, which together with other B-type and D-type chromosomes form quad-
rivalent (Fig 5C). Chromosome rearrangements are probably restricted to fragile site of Bf-type
chromosome, which resulted in no difference of karyogram in different cultivars of C.sinensis
and reasonably explained the change in doubled haploid (Fig 6, dihaploid). There may be
another possibility that B and Bf chromosomes are not homologous showed by the idiogram of
C. sinensis (Fig 6, diploid). The haploid inherited the chromosomes harboring 45s rDNA from
the parental diploid, which were then doubled in the doubled haploid further supported by 9
bivalents chromosome conjugation at diakinesis of ‘Valencia’ (Fig 5B).

To our knowledge, this is the first report that doubled haploid callus line was used for
cytological research in Citrus. Chromosomal characteristics of C. sinensis and its doubled
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Fig 6. Idiogram of C. sinensis chromosomes with CMA+ bands, 45S rDNA sites and fragile sites. Letters Bf, B, C, Df, D and F indicate chromosome
types. Large yellow blocks represent CMA+ bands. Yellow short vertical lines suggest fragile sites and red small circles indicate 45S r DNAs co-localized with
CMA+ bands.

doi:10.1371/journal.pone.0151512.g006

haploid revealed by CMA/DAPI banding and repetitive DNAs FISH clearly illuminate that C.
sinensis is a high heterozygosis as reported in previous studies, and doubled haploid appears to
be very important for the identification of heterozygosity in Citrus. C. sinensis is characterized
by chromosomal heterozygosity, as evidenced by the fact that it is comparatively difficult to
recognize and pair homologous chromosomes through DAPI-CMA banding and 45S rDNA
localization analysis [8]. For example, the B-type and the Bf-type chromosomes were consid-
ered to be a pair of homologous chromosomes absolutely; the two C-type chromosomes dif-
fered from each other in size of chromosomes and CMA+ bands; and the homologous
chromosomes of Df chromosome could not be found. The factors contributing to chromo-
somal heterozygosity possibly include the origin of interspecific hybridization and clonal prop-
agation which allows accumulation of karyotypic rearrangements [8]. The difference of
homologous chromosomes could be mainly explained by the amplification and reduction of
the satellite DNA sequences or introgression to different extents [12-14].

Characterization of fragile sites in C. sinensis

During the course of mapping the rDNA in C. sinensis, we discovered some chromosome
breaks and gaps, which were all observed exclusively in the 455 rDNA sites in meristematic
cells. The characteristics of chromosome breakages or gaps observed in this study are cytolog-
ically very consistent with the features of fragile sites observed in the chromosomes of human
and Lolium [19, 27, 29, 30, 42]. In human chromosomes, fragile sites could not be seen through
routine cytological observations and appeared as complete breaks, decondensed chromatins or
fibers [43, 44]. In the chromosomes of Lolium, 45S rDNA regions as the chromosome fragile
sites were frequently reported [27-30]. In our study, chromosomes fragile sites of sweet orange
were confirmed by fluorescence staining, telomeric DNA and 45S rDNA FISH, which also
could not be recognized through single routine cytological method. This unusual and interest-
ing phenomenon in Citrus led us to the effort of characterizing these chromosome breakages
or gaps associated with rDNAs and exploring the possible functions of fragile sites.

In this study, CMA banding and FISH using 45S rDNA as a probe revealed that there were
two forms of 45s rDNA signals. One form of 45s rDNA loci was extended segments, while the
other form appeared to be in a condensed state (Fig 3). Extended 45S rDNA segments showed
a depleted or decondensed chromatin structure during metaphase, which looked like a few thin
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threads joining together. Ag-NOR staining revealed that every cell had two NORs, and the two
decondensed 45S rDNA sites had transcriptional activity. High concentrations of heavily tran-
scribed rDNA genes are toxic to the cells of yeast, which interferes with cohesion between
rDNA loci of sister chromatids leading to genome instability [16]. FISH and Ag-NOR revealed
that gaps occurred exclusively at the 455 rDNA sites, and the subterminal one was on D-type
chromosome and the proximal one was on B-type chromosome. From these results, we con-
clude, for the first time in C. sinensis that there are only two chromosome fragile sites present
either as gaps or breaks on metaphase chromosomes and it always located on proximal B-type
chromosome and on subteminal D-type chromosome. The fragile sites were inherited steadily
in C. sinensis and doubled in its double haploid, which indicated the fragile sites were non-ran-
dom and heritable reported in genetically modified maize [45].

In many previous studies, it has been suggested that fragile sites are non-randomly localized
in 45s rDNA regions and could occur randomly between multiple 45S rDNA regions, and dis-
tended 45S rDNAs are observed to be transcriptionally active in Phleum and Lolium [29, 30,
46]. Distended loci were found to be hypo-methylated, while the silenced condensed site was
strongly 5-mC methylated in C.sinensis; and there was a positive correlation between the con-
densation state of 45S rDNA sites and the level of DNA methylation [18]. Different condensed
types of 45S rDNA sites in Jatropha curcas L. appeared different levels of DNA methylation
which was considered to be an epigenetic marker for rDNA activation [47]. In conclusion, the
distended loci in C.sinensis observed by Marques et al [18] were fragile sites, which were active
and hypo-methylated, whereas methylation of CpG dinucleotides at or near these fragile sites
enhances the fragile phenotype [25].

Characterization of fragile sites in Citrus and related genera

Fragile sites are manifested as non-random incomplete breaks or gaps with chromatin fibers
on prometaphase and metaphase chromosomes [48, 49]. So far, chromosome lesions caused by
the occurrence of fragile sites have been most frequently observed in human [43]. In plants,
chromosome breaks are definitely less frequent and almost exclusively restricted 455 rDNA
sites, which have been analyzed in more detail in Lolium. Cytologically, the characteristics of
the gaps co-localized with 45s rDNAs observed in this study are in agreement with those of the
fragile sites observed in Lolium chromosomes [27, 29, 30]. This is the first report dealing with
the characterization of chromosome breakages in C. sinensis on metaphase chromosomes. In
this investigation, we reported that the distended 45S rDNA loci as the chromosome fragile
sites were spontaneously expressed in vitro on metaphase in Citrus and related genera. The D-
type chromosome with highly repeated satellite DNA (stDNA) was often named as Dst in kar-
yotype analysis [50], which cytologically resembles the chromosome Df.

Fragile sites were found to be located at very end of D-type chromosome and proximal to B-
type chromosome in C. sinensis, and were doubled in its doubled haploid line. Based on the
previously reported karyotype formulas of Citrus and related genera [8, 31-35], the regions
present as gaps, constrictions and breaks lightly-stained by DAPI/CMA, and were considered
to be fragile sites. We speculate that there are four different types of fragile sites in Citrus and
related genera species: (1) Af (fragile site at the proximal CMA™ band of A-type chromosome,
C.maxima); (2) Bf (fragile site at the proximal CMA™ band of B- type chromosome, C. medica);
(3) Cf (fragile site at one of subterminal CMA™ bands of C- type chromosome, S. buxifolia); (4)
Df (fragile site at the subterminal CMA™ band of D-type chromosome, C.micrantha), which is
suggested to be the most common fragile site. Although the types of fragile sites in Citrus and
its genera vary, the number of fragile sites keeps relatively constant. There are two fragile sites
in majority of species but three in pomelo (C. maxima). Hexaploid G. pentaphylla has six
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fragile sites, which may be within the normal range. The exception here is the doubled haploid
of C. sinensis, which has four fragile sites. The callus line of “Valencia’ derived from anther cul-
ture could not generate plantlet [4], while the plants regenerated from two doubled haploid
lines of "Early Gold' sweet orange grew vigorously in the greenhouse[51], suggesting that some
recessively harmful genes are expressed after homozygosity [52], or redundant fragile sites lead
to genomic instability. Common fragile sites in human genome are particularly prone to insta-
bility under conditions of replicative stress [44]. Two more fragile sites in the dihaploid line of
‘Valencia’ orange we discovered would cause the instability of the genome. However, how the
increase of fragile sites influences regeneration should be further investigated. The roles of frag-
ile sites have been widely discussed, resulting in conflicting findings in different organisms.
Human fragile sites are hotspots for chromosome rearrangements [24, 53-55], and are often
associated with sequence/structural motifs that hinder the DNA replication fork [56]. Inci-
dence of fragile sites may be involved in the process of chromosomal instability (such as rear-
rangements and amplifications), which constitutes a potential mechanism for speciation [57,
58]. Various types and constant number of fragile sites in Citrus and related genera may be
associated with karyotype evolution and the formation of new species. Yet, the roles of fragile
sites in evolution still remain elusive. Thus, further researches are required to know the more
detailed functions of fragile sites.
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