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Abstract The interspecific sugarcane hybrid ‘‘KPS

01-01-25’’ is one of Thailand’s most successful cultivars,

but its genetics and genomic constitution are greatly

complicated due to the highly polyploid nature of this crop.

Here we analyzed the crop’s karyotype, studied chromo-

some pairing at meiosis I and performed fluorescent in situ

hybridization (FISH) of rDNA and rice BACs as probes.

Mitotic cell complements in early tapetal cells showed 110

well-spread chromosomes. Pollen mother cells at pachy-

tene clearly demonstrated fully paired configurations of the

long chromosomes, in which few pairing partner exchanges

and loops could be discerned. In diakinesis cells we

observed 74.1 % bivalents, 18.6 % univalents, 2.9 %

trivalents and 4.4 % quadrivalents. During this stage sec-

ondary associations were abundant, but these threadlike

structures disappear after metaphase I. FISH with 5S rDNA

produced up to ten fluorescent spots, of which 2–5 are often

very small, whereas the 45S rDNA probe showed foci on

8–9 chromosomes. Based on our results and that of related

studies we estimate that this sugarcane is composed of

11–12 genomes. We also selected rice BACs containing

chromosome 5 genes controlling economically important

genes. Eight BACs with relatively strong dot-blot

hybridization on genomic sugarcane DNA were selected

for FISH on sugarcane chromosome slides. These cross-

species chromosome BAC FISH revealed weak signals,

and most of the foci were distributed over parts of the

chromosomes. Based on these experiments we concluded

that cross-species FISH in sugarcane can better be carried

out with sorghum BACs as probes.
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Abbreviations

4T 4XSSC and Tween-20

BAC Bacterial artificial chromosome

C0t100 DNA enriched of repetitive sequences (the

initial concentration of DNA/s)

Cy Cyanine

DAPI 40,6-Diamidino-2-phenylindole

DEAC 7-Diethylaminocoumarin-3-carboxylic acid

DIG Digoxigenin

FISH Fluorescent in situ hybridization

FITC Fluorescein isothiocyanate

HB50 Hybridization buffer with 50 % deionized

formamide

NBT/BCIP Nitroblue tetrazolium/5-bromo-4-chloro-3-

indolyl phosphate

NOR Nucleolar organizer region

PBS Phosphate buffered saline

SSC Saline-sodium citrate buffer
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TE TRIS–EDTA buffer

TNT Wash buffer (Tris–HCl pH7.5, NaCl and

Tween-20)

Introduction

Sugarcane (Saccharum spec.) is one of Thailand’s most

important crops. Its very high sucrose content is econom-

ically most profitable as food supplement and for biofuel

production. Thailand is also a major producer of sugarcane

worldwide and is as such the fourth largest in the world

(http://faostat.fao.org). Saccharum officinarum is mostly

known for the sweet, juicy stalk with soft rinds, whereas

the wild related Chinese cane (S. sinese), Indian cane (S.

barberi), New Guinea cane (S. robustum) and S. sponta-

neum species are potential introgression donors for disease

resistance and abiotic tolerance (Roach 1972). Cytogenetic

studies of sugarcane and related species revealed that the

basic chromosome number for S. spontaneum is x = 8,

whereas S. officinarum and S. robustum have x = 10 (Ha

et al. 1999; Piperidis and D’Hont 2001; D’Hont 2005).

Total genome sizes of modern cultivars are about 10 Gb

and can contain up to 130 chromosomes, of which

80–90 % of the chromosomes originate from S. offici-

narum, 10–20 % from S. spontaneum and the rest from

interspecific recombinations (D’Hont et al. 1996; D’Hont

and Glaszmann 2001; Piperidis and D’Hont 2001; Cua-

drado et al. 2004). Detailed knowledge on the complex

polyploid genome compositions of these hybrids requires

extensive genetic, genomic and cytogenetic studies.

Various molecular cytogenetic technologies have been

developed for studying genomic composition of complex

polyploid and hybrid genomes like wheat (Cuadrado and

Jouve 1995; Vega et al. 1994), tomato (?) potato, banana

and sugarcane (Jacobsen et al. 1995; D’Hont et al. 2000;

D’Hont 2005). Fluorescent in situ hybridization (FISH),

nowadays the most powerful and versatile cytogenetic tool,

enables distinction of parental genomes in interspecific

hybrids (D’Hont et al. 2000; Piperidis and D’Hont 2001;

Figueroa and Bass 2010), as well as detection of single

copy and repetitive DNA sequences and elucidates chro-

mosomal rearrangements and aberrant chromosome

behavior in mitotic and meiotic divisions (Fransz et al.

1996; Lim et al. 2001; Hodkinson et al. 2002). For chro-

mosome identification and karyotype analyses FISH with

the 5S and 45S rDNA probes was used on metaphase and

pachytene complements and, where possible, was supple-

mented with FISH using species-specific repeats. Such

information is most useful for comparing chromosome sets

between related (polyploid) species (Jenkin et al. 1995;

D’Hont et al. 1998; Cuadrado et al. 2004). FISH technol-

ogy also allows detection of single and low copy sequences

on the chromosomes. To this end genomic DNA of Ara-

bidopsis (Wang et al. 1996), sorghum (Woo et al. 1994)

and rice (Wang et al. 1995; Chen et al. 2002) in BACs

(bacterial artificial chromosome) or in smaller insert vec-

tors are used in FISH to map single copy sequences on the

chromosomes, a technology that provide powerful tools for

chromosome mapping, synteny studies and comparative

genomics (Kim et al. 2002, 2013; Figueira et al. 2012).

In this study we aim at the cytogenetic characterization

of Thai sugarcane cultivar ‘‘KPS 01-01-25’’. This variety

has been chosen for its superior agronomical features

including salt and drought tolerant, disease resistant and

sufficient sugar capacity. Complementary to establishing

its chromosome number, we also analyzed meiotic chro-

mosome associations of this highly polyploid crop. We

further performed FISH with the ubiquitous 5S and 45S

rDNA repeats in order to determine ploidy level of this

cultivar. Cross-species chromosome painting is used with

rice chromosome 5 BACs that are known to contain eco-

nomically important genes for grain width (Wan et al.

2008), root trait (Khowaja et al. 2009) and grain weight

(Yoshida et al. 2002). The rice probes were then hybridized

on spread sugarcane chromosome slides under adapted

stringency conditions. We observed only few examples of

single discrete fluorescent foci that may represent home-

ologous regions, but most signals are weak and spread

along (parts) of the chromosomes. This study, which was

setup as a first step in genetic and genome research of this

highly polyploid crop, has potential for more advanced

cytogenetic studies with other related BAC libraries for

cross-species chromosome painting.

Materials and methods

Chromosome preparation

The Thai sugarcane (Saccharum spec.) cultivar ‘‘KPS

01-01-25’’, developed by the Cane and Sugar Research and

Development Center of Kasetsart University and obtained

from a KPS 94-13 9 UT3 cross, was used in our experi-

ments. We collected young flower buds with 1–2 mm

anthers containing pollen mother cells at meiosis between 9

and 10 am, and fixed the material directly in freshly pre-

pared ethanol 96 %—acetic acid (3:1 v/v) for at least 1 h.

Subsequently, the flower buds were transferred to ethanol

70 %, in which it could be stored for up to several months

at 4 �C until further treatment. We also collected fast

growing rootlets of Japanese rice (Oryza sativa subsp.

japonica var. Nipponbare) for control experiments testing

the rice BACs (see below). The rice roots were collected in

the early morning and were pretreated with 2 mM 8-hy-

droxyquinoline for 4–6 h, followed by fixation in 70 %
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ethanol and kept in the fridge until further use. On the day

of slide making we washed the material three times in

Milli-Q and then two times in 10 mM Na-citrate buffer (pH

4.5) for 3 min. The flower buds and root tips were carefully

dissected under the binocular and transferred to an enzyme

solution containing 1 % cellulase RS (Yakult 203027), 1 %

pectolylase Y23 (Sigma P-3026) and 1 % cytohelicase (Bio

Sepra 249701) for 1–2 h at 37 �C. A piece of the very soft

and fragile tissue was put to a clean slide and dissected in a

tiny bit of water with fine needles. The loose cells were

then macerated by adding a drop of 45–50 % acetic acid to

cover an area of c. 24 9 24 mm and this was kept on a

50 �C hotplate for 2 min. The slides were rinsed again in

freshly prepared ethanol 96 %:glacial acetic acid (3:1) and

finally air-dried. We selected only the best slides contain-

ing well-spread cells and clear chromosomes that were not

covered by cytoplasm.

DNA isolation and probe labeling

The plasmid clones, pTa794 (Gerlach and Dyer 1980) and

pTa71 (Gerlach and Bedbrook 1979), which contain 5S and

45S rDNA genes, respectively, were cultured in 3 mL LB

broth (BD DifcoTM, Miller; Luria–Bertani broth) with

12.5 lg/mL chloramphenicol (NZYTech) in a 25 mL

centrifuge tube. The tubes were then shaken overnight at

225–300 rpm at 37 �C. Next day the cultures were spun

down at 6000g for 15 min and 4 �C, supernatants discarded
and plasmids isolated with the QIAGEN Plasmid Midi Kit.

Before using the plasmids for labeling, we checked the

sequence target with 7–10 lL BamH1 (Promega) or Hin-

dIII (Promega) restriction enzymes. The 5S rDNA was

labeled with biotin using the protocol of Biotin Nick

Translation Mix (Roche) and detected with streptavidin—

Cy3.5 (Amersham/Phamacia); the 45S rDNA was directly

labeled with DEAC (Invitrogen, http://www.life

technologies.com) using the Nick Translation Mix (Roche).

We also selected twenty chromosome-5 BACs from the

OSJNBa BAC Library of Oryza sativa subsp. japonica var.

Nipponbare (CUGI, Clemson University Genomics Insti-

tute, USA, http://www.genome.clemson.edu), see also: The

International Rice Genome Sequencing Project, IRGSP

(reviewed by Sasaki and Burr 2000; Cheng et al. 2005).

BACs with genetic markers near the genes for grain width

(Wan et al. 2008), grain weight of rice (Yoshida et al.

2002), and root trait (Khowaja et al. 2009) were chosen

(Table 1). The E. coli strains containing the selected rice

BACs were transferred to 1 mL LB medium with 12.5 lg/
mL chloramphenicol and spread on a LB agar plate with

10 lL LB, and were left to grow overnight at 37 �C. Single
BAC colonies were inoculated in 3 mL LB with 12.5 lg/
mL chloramphenicol in a 25 mL centrifuge tube and sha-

ken overnight at 225–300 rpm and 37 �C. We added 1 mL

of last cultured E. coli into 100 mL LB with 12.5 lg/mL

chloramphenicol in a 250 mL Erlenmeyer flask, while

shaking at 225–300 rpm, 37 �C. The cultured strains were

harvested and its DNA isolated using the QIAGEN Plasmid

midi kit. The rice BAC sequences were labeled with the

Biotin Nick Translation Mix (Roche) and amplified with

streptavidin conjugated with Cy3, Cy3.5 or Cy5 (Amer-

sham/Pharmacia), or labelled with digoxigenin using the

DIG Nick Translation Mix (Roche), followed by detection

with anti-dig FITC (Roche).

We also tested the selected BACs by DNA dot-blot

hybridization on sugarcane DNA with DIG Easy Hyb

Granules (Roche). The digoxigenin (DIG)-labeled sugar-

cane genomic DNA was hybridized onto target bound

sugarcane template DNA in a dilution series as control and

the 20 rice BACs DNA in a dilution of 1 lg, 100, 10, 1 ng,

100, and 10 pg, respectively, on nylon membrane (Roti�-

Nylon plus). The membrane was incubated at 50–60 �C
with NBT/BCIP (Promega). After hybridization the NBT/

BCIP was washed off with preheated dimethylformamide

(Armar) and double distilled water before air-drying.

For suppressing hybridization of repetitive probe DNA

on the chromosomes we used C0t100 genomic DNA as

non-specific repeat blocker in the FISH following the

standard protocol of Zwick et al. (1997). Genomic DNA

was diluted to 100–500 ng/lL in 0.3 M NaCl and then was

sheared with the Q55 sonicator (http://www.sonicator.com)

at 50 % amplitude for 15 min at 4 �C, and alternatively

switched on and off for 50 s. each. In this way we obtained

DNA fragments of 100–1000 bp. DNA was denatured at

95 �C for 10 min and then cooled down in ice water for

10 s. Denatured DNA was reannealed at 65 �C for 47 h

(Zwick et al. 1997), after which single-stranded DNA was

digested with 1 U/lg of DNA S1 nuclease (Cat No. 818

348, Roche) at 37 �C for 90 min. The DNA was then

precipitated two times with equal volume of phenol–chlo-

roform and chloroform-isoamylalcohol (24:1), and then

precipitated overnight with 2.5 volume of absolute ethanol

at -20 �C. The solution was spun-down for 30 min at

11,000 rpm at 4 �C. The DNA pellet was re-suspended in

10–20 lL TE buffer (pH 7.0). The C0t100 was quantified

with a UV-spectrometer, and stored at -20 �C, until use.

Fluorescent in situ hybridization

Selected slides were incubated in 100 lg/mL RNase-A in

2XSSC for 1 h at 37 �C, washed three times in 2XSSC for

5 min and fixed in freshly prepared 1 % formaldehyde

buffer in PBS with 50 mL MgCl2, washed again three

times in 2XSSC, dehydrated through an ethanol series (70,

90 and 96 % ethanol) for 3 min each, and finally air-dried

for at least 30 min. We used 20 mL hybridization mix per

slide (10 % dextran sulfate, HB50, 0.25–0.5 % salmon
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sperm DNA or 20 lL/slide sugarcane C0t100) and covered

it with a 24 9 50 mm cover slip. Chromosomes were

denatured at 100 �C for 10 min, after which the slides were

put on ice for at least 5 min. We then heated the slides for

another 3 min at 80 �C and placed them in a humidified

petri dish at 37 �C for incubation overnight. The post-hy-

bridization washing step consisted of three times washing

the slides in 2XSSC for 5 min and three times in 50 %

formamide/0.1XSSC at 42 �C. For cross-species FISH we

adapted the post-hybridization washing to 20 % formamide

in 0.1XSSC for 3–5 min at 42 �C. Probe DNA was

detected/amplified with biotin-anti-streptavidin and biotin-

streptavidin-Alexa 647 (Invitrogen, Life Sciences), or with

sheep-anti-DIG-FITC and rabbit-anti-sheep-FITC (Sigma-

Aldrich) for 1 h at 37 �C of each. In few experiments we

used the fluorescence systems with DEAC and Cy5. The

slides were washed with 4T, TNT and 2XSSC for 5 min of

each, respectively, and dehydrated through an ethanol

series before air-drying. The chromosomes were counter-

stained with 12 lL DAPI in 50 lL/mL Vectashield anti-

fade solution (https://www.vectorlabs.com/). The selected

meiotic prophase I slides were studied under a Zeiss

Axioplan microscope equipped with Plan Apochromatic

objectives and epifluorescence illumination with filters for

all used fluorophores. Images were captured with the

Photometrics Sensys monochrome 1305 9 1024-pixel

CCD camera and processed with Genus Image Analysis

Workstation software (http://www.well.ox.ac.uk/). For

each cell we combined the different fluorescence captures

in a multichannel mode image while setting threshold

values for each of them to optimize best contrast and

brightness. If needed, we further improved the quality of

the images with Adobe Photoshop.

Results

Chromosome number and morphology

For counting the number of chromosomes in this highly

polyploid plant we used cell spreading slides obtained from

young anthers containing pollen mother cells at premeiotic

interphase to early prophase I and diploid tapetal cells.

Chromosome complements in tapetal cells are highly

condensed and better spread than the chromosomes in

mitotic metaphase cells in fast growing root tip meristems.

Accordingly, diploid tapetal nuclei in very young anthers

from the KPS sugarcane variety contain cell complements

of 110 highly condensed chromosomes varying in length

from 1.25 to 1.9 lm (Fig. 1a). In anthers containing pollen

mother cells at pachytene chromosomes are long and well

differentiated with numerous smaller chromomeres and

fewer brightly fluorescing peri centromere regions forming

big chromatin clusters. However, chromosomes could in

Table 1 Selected BAC clones locate near/on the drought genes of chromosome 5 of Japanese rice, Oryza sativa subsp. japonica var.

‘‘Nipponbare’’

BAC clone Position on rice chr5 (cM) 5p: short arm; 5q: long arm Marker Accession Length (bp)

OSJNBa0077J22 22.5–24.7 5p – AC148814 173,903

OSJNBa0072C16 25.0 5p E30256S AC093493 159,525

OSJNBa0059G01 25.0–27.7 5p – AC093492 141,661

OSJNBa0017J22 29.1 5p S12447 AC119288 177,153

OSJNBa0027N19 30.7–31.5 5p – AC134341 141,368

OSJNBa0029B02 33.6 5p S16612S AC144738 156,649

OSJNBa0015G13 42.2–44.7 5p – AC135920 143,966

OSJNBa0074P11 45.8 5p S12928 AC135914 148,753

OSJNBa0042F15 51.3 5p E3093S AC145396 162,959

OSJNBa0052E20 96.1 5q C536 AC121364 162,434

OSJNBa0018K15 98.3 5q C10405S AC144737 168,519

OSJNBa0095J22 98.3–101.0 5q – AC137619 151,730

OSJNBa0088I06 101.5–102.8 5q – AC129718 187,651

OSJNBa0017K09 103.1 5q R38028 AC130597 155,525

OSJNBa0052K01 108.5–109.0 5q – AC119291 144,395

OSJNBa0079H23 111.6 5q C686 AC129717 191,765

OSJNBa0001A14 112.4–115.7 5q – AC144735 129,292

OSJNBa0017N18 117.9 5q C444 AC120988 156,643

OSJNBa0009C07 120.6 5q S11036 AC137608 148,731

OSJNBa0030I14 122.3 5q – AC136217 159,035
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general not be traced completely (Fig. 1b). Long stretches

of triple or quadruple pairing could not be detected with

certainty, but several examples of pairing partner switches

and inversion/deletion loops were observed (Fig. 1b,

details in the three insets). However, we were not able to

follow such long chromosomes from end to end. Pollen

mother cells at diakinesis displayed complex networks of

bivalents and univalents/multivalents (Table 2). Most of

these chiasma associations and univalents are intercon-

nected by thin up to 7.0 lm long chromatin threads. Such

interconnections, which may comprise up to 12 chromo-

somes (bivalents and univalents) (Fig. 1c) are known as

secondary chromosome associations (Lawrence 1931) and

result from the loose association of bivalents without the

existence of chiasmata. Table 3 summarizes the number of

such associations in 16 nuclei obtained from seven slides.

The number of chromosomes involved in such complexes

varied in number and appearances between anthers that

were sampled on different days. At the end of the meiotic

congression at (pro)metaphase I, when chiasmata orient to

a

b

c

d e

Fig. 1 Mitotic and meiotic

stages in young anthers of the

sugarcane cultivar ‘‘KPS 01-01-

25’’. Chromosomes in all

figures were stained with DAPI.

a A full cell complement in a

diploid tapetum cell showing

110 chromosomes. b Pollen

mother cell at pachytene. The

three insets show details of the

morphology. Arrows indicate

pairing partner switches and

knobs; the arrowhead points at

a small loop. c Pollen mother

cell at diakinesis. The bivalents

and few univalents are well

spread, but are connected by

fine chromatin threads, so-called

secondary associations. The

detail image (right) shows a

higher magnification of such a

network involving 10 or 11

bivalents. d Pollen mother cell

at prometaphase I. The cell has

mostly bivalents (middle inset),

few univalents (bottom inset).

Some of the bigger associations

may represent multivalents (top

inset). e Cell complement at

anaphase I. The arrowhead

shows a chromosome-bridge,

whereas the arrow points at

lagging chromosomes, bar

5 lm
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the equational plane and centromere facing their opposite

poles, we observed that the majority of chiasma associa-

tions where that of bivalents, whereas few univalents could

be discerned as well (Fig. 1d, and details in magnified

insets). At anaphase I we observed very few chromosome

bridges, precocious chromatid segregations and lagging

chromosomes (Fig. 1e).

FISH detection of rDNA regions

Based on the assumption that a basic (monoploid) sugar-

cane genome contains one chromosome with 5S rDNA and

one with 45S rDNA in the cell complement (D’Hont et al.

1998), we used rDNA FISH of the KPS 01-01-25 as an

estimate of the ploidy level of the cultivar. The FISH

experiments with the 5S rDNA probe showed 5 big and up

to five smaller foci in metaphase chromosome sets (Fig. 2a,

b). Some of the foci are composed of few smaller signals.

In interphase nuclei we generally see brighter fluorescent

spots (data not shown), varying in number from 10 to 15

foci. Hybridization with the 45S rDNA probe on metaphase

and interphase cells showed only 8, sometimes nine foci of

this probe; in pachytene complements only one big fluo-

rescing spot was observed at the border of the nucleolus

(data not shown).

Rice BAC FISH on rice and sugarcane chromosomes

For the cross-species FISH we selected BACs from rice

chromosome 5 as probes for FISH on slides containing

spread anther cells. Figure 3a shows the 20 rice BACs,

which include nine BACs for rice chromosome arms 5p

and 11 BACs for chromosome arm 5q. Table 1 describes

the BACs covering the chromosome regions around

drought genes for grain width (a), root trait (b) and grain

weight (c). Further selection of the BACs was based on

dot-blot hybridizations of these BACs on genomic sugar-

cane DNA, which showed relatively strong hybridization

signals for the rice BACs 77J22, 72C16, 17J22, 29B02,

52E20, 95J22, 52K01 and 79H23 (Fig. 3b). We decided to

continue with only these BACs in the cross-species BAC

FISH experiments. The two pools of BACs were labeled

and detected with digoxigenin—FITC and biotin—Cy 3.5

and Cy 5, respectively, and hybridized these with the 45S

rDNA directly labeled with Cy5 in a FISH experiment on

root tip cell spread slides of japonica rice demonstrating the

expected clear foci on the two arms of the chromosome 5

and the NOR chromosome homologues (Fig. 3c).

Cross-species FISH of rice DNA on sugarcane chro-

mosomes under 50 % standard stringency produced only

very weak fluorescent signals on the sugarcane chromo-

somes (data not shown). We therefore adapted stringency

in the post-hybridization wash step to 20 % to compensate

for decreased homology between the rice and sugarcane

DNA. In the Fig. 4a–h we show examples of such cross-

species FISH using probes of the rice BACs, along with

45S rDNA painting on different diakinesis complements.

To decrease fluorescencing repeat probe sequences from

hybridization we added C0t100 unlabeled genomic sugar-

cane DNA to block hybridization of repetitive DNA

sequences, but also here were the resulting fluorescence

signals weak (data not shown). The four BACs on the short

arm of chromosome 5, 77J22, 72C16, 17J22 and 29B02

that were probed with the FITC system are presented on the

Fig. 4a, c, e and g, respectively; those of the long arm,

52E20, 95J22, 52K01 and 79H23 were probed with biotin

and detected with the indirect streptavidin Cy5 fluores-

cence system (Fig. 4b, d, f, h). The FISH of BAC 77J22

paints about half of the chromosomes (Fig. 4a), of which

several chromosomes demonstrate clear fluorescent foci

and some with weaker signals, of which few show small

discrete foci can be distinguished (arrows). BAC 52E20

produces overall weaker FISH pattern with two chromo-

some pairs showing relatively strong foci covering most of

the chromosomes and about nine others with weak signals

(Fig. 4b). The 72C16 and 95J22 BACs produce clear foci

on almost all chromosomes, but some chromosomes dis-

play much stronger FITC fluorescence (Fig. 4c, d). BAC

17J22 shows more distinct foci on about 15 chromosomes

and weak dispersed signals on several others (Fig. 4e).

Table 2 Chiasma configurations in 16 pollen mother cells at diaki-

nesis of the KPS 01-01-25 sugarcane (univ univalents, biv bivalents,

triv trivalents, qua quadrivalents)

Chiasma configurations

Univ Biv Triv Qua Total

Total number 170 676 26 40 912

Total number of chromosomes 170 1352 78 160 1760

Percentage configurations 18.6 74.1 2.9 4.4 100

Table 3 Secondary chromosome associations in 16 pollen mother cells at diakinesis of the KPS 01-01-25 sugarcane

Secondary chromosome associations Total

Number of secondary chromosome associations 3 4 5 6 7 8 9 10 11 12

Number per cell 10 85 8 42 8 18 10 17 12 16 226

Percentage 4.42 37.61 3.54 18.58 3.54 7.96 4.42 7.52 5.31 7.08 100
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BAC 52K01 follows the same pattern but its distribution is

more dispersed on some of the chromosomes (Fig. 4f). The

BACs 29B02 and 79H23 hybridizes on most of the chro-

mosomes, in the middle of the bivalents and most likely

around the chiasmata. BAC 29B02 paints almost all

chromosomes, whereas the BAC 79H23 fluorescence is

clear on about eight chromosomes whereas other chromo-

somes have no or only very weak foci (Fig. 4g, h).

a b

Fig. 2 Fluorescent in situ

hybridization of 5S (red) and

45S rDNA probes (green) on a

pollen mother cell at diakinesis

of the KPS 01-01-25 sugarcane.

a The three-color image shows

eight foci of the 45S rDNA (and

one very small spot) and seven

signals of the 5S rDNA probe,

respectively. b Raw image of

the red fluorescence of the 5S

rDNA probe displays four minor

fluorescent spots (arrows), few

of them composed of double

spots (arrowheads)

(a)

(b)

(c)

Fig. 3 a Position of the 20 BACs located on rice chromosome 5 that

were initially selected for the cross-species FISH experiments. The

BACs cover three chromosome regions around drought genes for

grain width (a), root trait (b) and grain weight (c), see Table 1 for

more information. b Dot-blot hybridization of the same 20 BACs. The

rice BACs with relatively strongest hybridization signals on the dot

blot (77J22, 72C16, 17J22, 29B02, 52E20, 95J22, 52K01 and 79H23)

were selected for the cross-species BAC FISH painting experiment.

c FISH of the eight selected BACs hybridized on cell complements of

Oryza sativa ssp. japonica. The pooled four BACs of the short arm

(green fluorescence) and four of the long arm (red fluorescence)

showed the position of rice chromosome 5. The purple fluorescence

denotes the two 45S rDNA sites of chromosome 2. Bar 5 lm
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Discussion

In this study, a cytogenetic characterization of the highly

polyploid Thai KPS 01-01-25 sugarcane was presented. For

obtaining accurate chromosome counts we analyzed

endodiploid tapetal cells as well as cell complements in

pollen mother cells at diakinesis and metaphase I. Further

insight of the polyploid nature of this variety was obtained

by FISH studies with rDNAs and rice BACs as probes. The

tapetal cells, which enclose pollen mother cells in young

anthers, are highly specialized cells and play an essential

role in development and maturation of the microspores by

secreting nourishing substances (Maheshwari 1950; Esau

1961). Chromosome preparations of such cells reveal well-

spread chromosome complements, even without the use of

microtubule arresting drugs like colchicine. Accordingly,

we were able to establish that the KPS 01-01-25 sugarcane

has 110 chromosomes, a number that is in the range of

80–130 for other modern highly polyploid cultivars (Panje

and Babu 1960; Simmonds 1976, 1993; D’Hont et al. 1998;

a b

c d

e f

g h

Fig. 4 Examples of cross-

species FISH of rice BACs on

diakinesis cell complements of

the KPS 01-01-25 sugarcane.

The yellow (Cy3) fluorescence

in all figures denotes the

hybridization of 45S rDNA

FISH, which was used as an

internal control. a FISH

experiment with BAC 77J22

(FITC, green) shows 15

chromosomes with clear signals,

few of them with strong signals

and other chromosomes with

single small foci (arrows) or

faint dispersed signals. b FISH

with BAC 52E20 (Cy5, purple)

shows two chromosome pairs

with big signals and several

others with smaller, faint foci.

c BAC 72C16 give dispersed

signal in most of the

chromosomes. d BAC 95J22

fluorescence is weak with only

stronger signals in two

chromosome pairs. e BAC

17J22 gives clear signal on*15

chromosomes. The arrows show

examples of single foci. f BAC
52K01 fluorescence signals are

weak and lie scattered on most

of the chromosomes. g BAC

29B02 hybridizes mostly in the

middle of most bivalents.

h BAC 79H23 hybridizes with

nine bivalents. Bar in a equals

5 lm
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Sreenivasan and Jagathesan 1975). Variation in the chro-

mosome numbers can be explained by unequal segregation

and restitution of meiotic divisions in the S. offici-

narum 9 S. spontaneum hybrids (Bremer 1961; Burner

and Legendre 1993; Burner 1997), as well as tolerance for

high levels of polyploidy and aneuploidy. Descendants

obtained from S. officinarum (2n = 80) 9 S. spontaneum

(2n = 40–2n = 128) crosses were expected to have chro-

mosome numbers between 100 and 144, but never were

more than 130 chromosomes observed, probably due to

low vigor and quality of the sugarcane at such higher

chromosome numbers (Roach 1972). Studies of D’Hont

et al. (1996, 1998, 2008), D’Hont and Glaszmann (2001),

Piperidis and D’Hont (2001) and Cuadrado et al. (2004)

suggest that 70–80 % of the modern sugarcane genome

originated from S. officinarum and 20–30 % from S.

spontaneum, of which about 10 % is composed of home-

ologous recombinant chromosomes. If we assume that such

a genomic composition holds true for the KPS 01-01-25

cultivar, then on average 83 chromosomes are from S.

officinarum (x = 10) and so represent about eight gen-

omes, and 28 chromosomes are from S. spontaneum

(x = 8) and recombinant chromosomes, and so represent

3–4 genomes. Hence the total number of (mono)haploid

genomes in this cultivar is estimated at about 11–12.

Further cytogenetic information on this highly polyploid

KPS 01-01-25 sugarcane was obtained from analyses of

chromosome pairing and chiasma formation in pollen

mother cells at meiotic prophase I. Meiocytes at pachytene

revealed an inextricable network of chromosomes and

bivalents, which could not be traced from end to end.

Chromosomes display a pattern of smaller and numerous

chromomeres and little or no heterochromatin blocks

around the centromeres. Pairing for as far detectable was

mostly composed of two chromosomes and there was no

indication for triple or quadruple pairing (cf. Wagenvoort

1995; Grandont et al. 2013), but pairing partner switches

were clearly detectable (Sherman et al. 1989). Only few

pairing partner exchanges could be observed, which might

explain the occurrence of some multivalents that we

observed in cells at diakinesis and metaphase I. In addition

we also observed few small loops that point at inversions,

duplications or deletions. Some of such loops may lead to

anaphase bridges, which indeed were observed

incidentally.

Pollen mother cells at diakinesis demonstrated two types

of associations between the chromosomes. We distin-

guished true chiasma bonds between the homologues/

homeologues and secondary chromosome associations

between chromosomes, either as univalents, bivalents or

other chiasma configurations. The former connections are

found in the tightly shaped bivalents, and the few putative

trivalents and quadrivalents found in our material

(Table 2). Bivalents are by far the largest class of chiasma

associations reflecting the strong preferential pairing of

homologues, which corresponds to previous studies of

highly polyploid sugarcane meiosis (Sreenivasan and

Jagathesan 1975; Sreenivasan and Sreenivasan 1984;

Burner 1991; Burner and Legendre 1993; Al-Janabi et al.

1994; Premachandran et al. 2011; Jannoo et al. 2004;

Garsmeur et al. 2011).

The second type of chromosome connections are the

secondary chromosome associations, which are DAPI

positive diffuse threads that were observed in all anthers

with meiocytes at diakinesis/metaphase I (Table 3). The

cell complement in Fig. 1c is the most conspicuous

example of secondary associations that we found in our

material. Secondary associations were first described by

Lawrence (1931) and were thereafter regularly referred to

in meiotic studies of several plant species, most of them

about polyploid species (Gustafsson 1935; Kempanna and

Riley 1964; Kumar and Singhal 2013), including sugarcane

(Sreenivasan and Jagathesan 1975). Such associations were

also described in haploids (Sadasivaiah and Kasha 1971;

Jelenkovic et al. 1980), in material exposed to ionizing

radiation and mutagenic treatments (Kumar and Chaudhary

2014) and even in the ancestral polyploid Brassica oler-

acea (Wills 1966; Ji et al. 2014). Although the nature for

such associations may be different in the examples men-

tioned above, the general clarification for this phenomenon

points at residual homology or duplicated segments

between homeologous and non-homologous chromosomes

as found in (ancestral) polyploids and haploids, respec-

tively (Kempanna and Riley 1964). Klášterská (1976)

argued that such threads in multivalent-like associations as

found in Rosa meiosis are the result of a disturbed re-

condensation of the chromosomes after the diffuse diplo-

tene stage and do not reflect any kind of structural

hybridity. However, as strong variation in such associations

was found between the samples from different seasons it

may suggest that environmental conditions play a role in

the occurrence of such secondary associations, an expla-

nation that is also favored by Kumar and Chaudhary

(2014). Alternatively, Thomas and Revell (1946), and

Jelenkovic et al. (1980) suggested that duplications in the

heterochromatic segments favors associations between

non-homologous parts, which find support in the recent

FISH study of Brassica oleracea meiosis (Ji et al. 2014)

showing that such inter-bivalent connections contain

stretches of 45S rDNA and centromere tandem repeats.

We used FISH with the 45S and 5S rDNA as probes for

estimating the degree of polyploidy in the KPS 01-01-25

cultivar. Hybridization revealed eight foci with the 45S

rDNA probe, and in some nuclei even an additional small

spot. FISH using the 5S rDNA probe showed ten signals in

a cell complement, of which five are small. Based on the
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110 chromosomes of the sugarcane cultivar and the number

of one rDNA per monohaploid genome (Jenkin et al. 1995;

D’Hont et al. 1998; Cuadrado et al. 2004) we estimated the

number of genomes in this cultivar at 11–12, of which 8–9

genomes are from S. officinarum and 3 from S. spontaneum

or recombinant chromosomes. So in fact, there is a slight

discrepancy between the observed rDNA sites and the

estimate numbers of genomes. Changes of ribosomal sites

were previously documented in interspecific hybrids and

referred to as amphiplasty, i.e., morphological changes in

chromosomes following interspecific hybridization (Laca-

dena et al. 1984). These changes in the nucleolar activity as

demonstrated by silver nitrate staining in wheat–rye

hybrids visualize dynamics of rDNA transcription patterns.

This phenomenon is now known as nucleolar dominance

and finds its origin in an epigenetic mechanism regulating

the paternal discrimination of the chromatin and in par-

ticular the rDNA transcription (Pikaard 2000; McStay

2006; Chen 2007; Li and Ge 2007; Ge et al. 2013).

Nucleolar dominance is well documented in inter-crossed

hybrids and allopolyploids (Kobayashi 2008; Ge et al.

2013) as shown in Brassica allohexaploids (AABBCC),

where nucleolar dominance follows a hierarchical order of

the parental species involved (Ge et al. 2009). In general

this phenomenon is explained as selective ‘switching off’

of the rDNA activity within the loci that are originated

from one ancestral genome, while the activity of the loci

from other genome(s) is retained (which is obvious since

each cell needs a certain amount of rRNAs to be able to

build up new ribosomes and therefore handle its entre

metabolism). The lower than expected number of rDNA

loci (and—as we can assume—physical reduction or even

total elimination of some of them) can be caused by vari-

ous, most likely ‘structural’ factors but probably none of

them can be linked with predominantly epigenetic phe-

nomenon of nucleolar dominance. As the expression status

of 45S rDNA loci in this material has not been determined

by silver staining combined with FISH with 45S/25S rDNA

probe, there is not much to say about the activity of this

class of rRNA genes within particular loci. To authorita-

tively say if there is (or not) any nucleolar dominance in

this material, it would most likely require even more

complex studies, such as molecular analysis of the orga-

nization in these rRNA genes.

The cross-species FISH experiments were included to

explore the possibility of mapping DNA chromosome

regions on the cell complement of sugarcane that are

(partly) homologous with three regions on rice chromosome

5 containing economically important drought genes. The

feasibility of such experiments was inspired by successful

examples of recent chromosome painting in higher plants,

especially from painting the chromosome complements of

Arabidopsis and distant species and crops of the

Brassicaceae using chromosome-specific Arabidopsis BAC

contigs (Lysak et al. 2003; Lysak and Koch (2011). Cross-

species BAC FISH painting was also demonstrated in

tomato and potato Tang et al. (2008), and was later extended

to a phylogenetic chromosome study of other Solanum and

Capsicum crops (Iovene et al. 2008; Szinay et al. (2012). In

the grass family, the first large-scale comparative chromo-

some painting (CCP) was performed with chromosome-

specific BAC probes from Brachypodium distachyon to

homoeologous chromosomes of its close relatives (Idziak

et al. 2014; Betekhtin et al. 2014). In our comparative

chromosome painting experiments of rice BACs on sugar-

cane chromosome complements we expected distinct fluo-

rescent foci on the sugarcane cell complement that roughly

correspond to the number of genomes, in this case 11 or 12

(apart from eventual recombinant chromosomes). The

grounds on which rice BACs were chosen as probe DNA

was the public availability of extensive genomic informa-

tion and BAC libraries of this model species on the moment

we started the experiments. We also argued that the tran-

scriptome sequences of rice and sugarcane would corre-

spond sufficiently to make a cross-species FISH possible,

while repetitive sequences of rice would not interfere with

the hybridization producing multiple foci on the chromo-

somes produced by LTR retrotransposons, LINEs and

SINEs, and other dispersed repetitive elements. However,

the two groups of rice chromosome 5 BACs containing

drought resistance genes and a relatively higher homology

with sugarcane (Fig. 3) displayed different fluorescent

patterns on the sugarcane chromosomes. BAC 17J22

(Fig. 4e) and to a less extent, BAC 77J22 and 52E20

(Fig. 4a, b) display distinct fluorescent foci, 9–10 of them

pretty small and visible on both hom(e)ologues of the

bivalent. The FISH signals cover only part of the chromo-

somes and vary from large dispersed patterns to single small

foci. BAC 77J22 (Fig. 4a) produces strong signals on about

2/3 of all chromosomes pointing at repetitive sequences that

are present in several chromosomes. The fluorescence pat-

terns of the BACs 29B02 and 79H23 (Fig. 4g, h) paint about

3/4 of the chromosomes, but fluorescence is stronger in the

middle of the bivalents, which we consider the regions

around the chiasmata, and supposedly the euchromatic parts

of the chromosomes. It is obvious that most of the fluo-

rescence spots and dispersed signal are hybridizations of the

repetitive DNA, like LTR retrotransposons. It is not known

though, why several of the BACs paint only part of the

chromosomes; this may be due to differentiation of S.

officinarum and S. spontaneum genomic repeats. Support

for differences comes from the genomic painting (genomic

in situ hybridization) experiments of D’Hont (2005)

demonstrating total genomic DNA differentiation of mod-

ern sugarcane cultivars with probes of the two parental

species.

314 S. Thumjamras et al.

123



It is clear that this chromosome painting of rice BACs

on sugarcane chromosomes is a pilot study, and should be

considered as a new step in sugarcane cytogenetics.

Although BAC libraries of sugarcane are available (Tom-

kins et al. 1999; Figueira et al. 2012) new attempts are

needed for chromosome mapping using pooled seed BACs

anchored with genetic markers on the sugarcane linkage

maps (Ferrari et al. 2009). Alternatively, cross-species

BAC FISH painting can be further explored using sorghum

DNA as probes, which may be a better choice for painting

sugarcane chromosomes considering the micro-collinearity

(Ilic et al. 2003) between the two crop species (Jannoo

et al. 2007). To date, Aitken et al. (2014) confirmed that

sorghum is phylogenetically more related to sugarcane than

any other grass crop.
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