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SUMMARY

Sugarcane (Saccharum spp.) is probably the crop with the most complex genome. Modern cultivars
(2n =100-120) are highly polyploids and aneuploids derived from interspecific hybridization between
Saccharum officinarum (2n = 80) and Saccharum spontaneum (2n = 40-128). Chromosome-specific oligonu-
cleotide probes were used in combination with genomic in situ hybridization to analyze the genome archi-
tecture of modern cultivars and representatives of their parental species. The results validated a basic
chromosome number of x = 10 for S. officinarum. In S. spontaneum, rearrangements occurred from a basic
chromosome of x = 10, probably in the Northern part of India, in two steps leading to x =9 and then x = 8.
Each step involved three chromosomes that were rearranged into two. Further polyploidization led to the
wide geographical extension of clones with x = 8. We showed that the S. spontaneum contribution to mod-
ern cultivars originated from cytotypes with x =8 and varied in proportion between cultivars (13-20%).
Modern cultivars had mainly 12 copies for each of the first four basic chromosomes, and a more variable
number for those basic chromosomes whose structure differs between the two parental species. One—four
of these copies corresponded to entire S. spontaneum chromosomes or interspecific recombinant chromo-
somes. In addition, a few inter-chromosome translocations were revealed. The new information and
cytogenetic tools described in this study substantially improve our understanding of the extreme level of
complexity of modern sugarcane cultivar genomes.

Keywords: Saccharum, chromosome-specific oligo FISH, GISH, polyploid, interspecific hybrid, chromosome
rearrangements.

INTRODUCTION

Sugarcane is the number one crop by harvested tonnage,
produces 80% of the world’s sucrose, and has recently
become a primary crop for biofuel production. Modern cul-
tivars (Saccharum spp., 2n = 100-120) are highly polyploid,
aneuploid and of interspecific origin with a genome com-
plexity that exceeds that of all other crops.

Saccharum officinarum was cultivated until the end of
the 19th century, together with Saccharum barberi and
Saccharum sinense. Saccharum officinarum (2n = 80), the
sugar-producing species (referred to as noble cane), is
believed to have been domesticated from the wild species
Saccharum robustum (2n = 60 or 80 and up to 200) in New
Guinea possibly as far back as 8000 years ago. Saccharum
barberi and S. sinense derived from natural interspecific
hybridization most probably between S. officinarum and
the wild species Saccharum spontaneum (D'Hont et al.,

2002). They were cultivated in India and China, and led to
the emergence of sugar manufacturing (Daniels and
Daniels, 1975).

Stimulated by disease outbreaks, the first man-made
interspecific hybrids were produced in Java and India
involving mainly S. officinarum and S. spontaneum. Sac-
charum spontaneum (2n = 40-128) is a wild species with a
very large distribution from the Mediterranean to the Paci-
fic. It has thin stalks, no or very low sugar, high vigor, and
resistance to biotic and abiotic stresses. Restoration of a
high sugar content was obtained through repeated back-
crosses with S. officinarum. This procedure, called ‘nobi-
lization’, was facilitated by 2n chromosome transmission
to the F1 and BC1 Bremer (1961).

Interspecific hybridization provided a major break-
through in sugarcane breeding, solving some of the dis-
ease problems, but also providing additional and
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unexpectedly large benefits in increasing yield and improv-
ing ratooning ability and adaptability under various stress
conditions (Roach, 1972). Modern sugarcane cultivars
derived essentially from intercrossing of these first ‘nobi-
lized" hybrids that involved a small number of parental
clones (Arceneaux, 1965; Price, 1965). They are propagated
vegetatively. Given this genomic complexity, sugarcane
genetics has lagged behind that of other major crops, and
sugarcane breeding is still essentially based on conven-
tional methods.

Past classical cytogeneticists studies have shown that all
Saccharum species are polyploid, and that aneuploidy is
frequent in this genus (for review, see Sreenivasan et al.,
1987). The lowest ploidy level recorded is 4x, and is found
only in S. spontaneum. Pairing behavior surprisingly
showed mainly bivalents, but various types of meiotic
irregularities, such as univalent and multivalent, were also
found (Bremer, 1922; Price, 1963; Burner, 1991; Vieira
et al., 2018). However, because all Saccharum species are
highly polyploid and have small chromosomes of similar
size both within and among species, information such as
basic chromosome number and the precise behavior of
wild chromosomes during introgression processes, includ-
ing their exact contribution to present cultivars, could not
be precisely established.

Molecular cytogenetics was developed in sugarcane in
the 1990s, and has opened new avenues for genome struc-
ture analysis. The basic chromosome number in sugarcane
and related germplasm had been actively debated for dec-
ades, and numbers of x =5, 6, 8, 10 and 12 were proposed
for the Saccharum species (for review, see Sreenivasan
et al., 1987). Using fluorescent in situ hybridization (FISH)
for physical mapping of two types of rRNA genes (5S and
45S), D’'Hont et al. (1998) demonstrated a basic chromo-
some number of x =10 in S. officinarum and S. robustum,
and a basic chromosome number of x=8 in S. sponta-
neum. Recently, Garsmeur et al. (2018) proposed, based
on a dense single nucleotide polymorphism (SNP) genetic
map of a cultivar, that this variation in basic chromosome
number in S. spontaneum with x=8, compared with
S. officinarum with x = 10, resulted from two pairs of three
chromosomes that were rearranged into two chromo-
somes.

The ability to differentiate by genomic in situ hybridiza-
tion (GISH) chromosomes from the parental species in
intergeneric and interspecific hybrids was then established
(D'Hont et al., 1995) and used to characterize the interspeci-
fic genomic constitution of modern cultivars (D'Hont et al.,
1996). GISH with total genomic DNA of S. officinarum and
S. spontaneum performed on chromosome preparations of
several modern cultivars uncovered 10-23% of entire
S. spontaneum chromosomes and 8-13% of chromosomes
resulting from exchanges between S. officinarum and
S. spontaneum chromosomes (D'Hont et al., 1996;

Piperidis and D'Hont, 2001; Cuadrado et al., 2004; Piperidis
et al., 2010). Whether these exchanges occurred by translo-
cations or by meiotic recombination was assessed by
molecular genetic mapping of the cultivar R570 (Grivet
et al., 1996; Hoarau et al., 2001). Several co-segregation
groups included segments bearing S. spontaneum-specific
markers, as well as segments bearing S. officinarum-speci-
fic markers showing that recombination occurred between
the two parental genomes.

Several genetic maps have been developed in modern
sugarcane cultivars (for review, see Zhang et al., 2014),
and comparative genetic mapping with other Poaceae spe-
cies revealed extensive genome-wide collinearity with Sor-
ghum, which thus became a model for sugarcane (Dufour
et al., 1997; Glaszmann et al., 1997; Guimaraes et al., 1997).
However, none of the current sugarcane maps is saturated,
and thus to date it has been impossible to precisely outline
the genome architecture of modern cultivars, in particular
to determine the number of copies of each basic
chromosome.

Molecular cytogenetics has been very important in the
last 30 years in helping to understand the genome organi-
zation of plants (for review, see Jiang and Gill, 2006; Jiang,
2019), particularly those with complex genomes such as
sugarcane (D'Hont, 2005; Piperidis et al., 2010). The avail-
ability of reference sequence genomes for many plants has
allowed the design of synthetic oligonucleotide (oligo)
probes for FISH applications a paradigm shift from the tra-
ditional FISH probes using cloned DNA sequences (Beliv-
eau et al, 2012; Jiang, 2019). Oligo probes producing a
unique barcode for each basic chromosome, as well as
chromosome-specific oligo probes, have started to be
used, in particular to establish karyotypes and to identify
chromosome rearrangements (Braz et al, 2018; Albert
et al., 2019; Song et al., 2020; Xi et al., 2020), and to study
chromosome pairing at meiosis (Han et al., 2015; He et al.,
2018; do Vale Martins et al., 2019).

Due to its genome complexity, sugarcane genome refer-
ence sequences have only recently become available.
Garsmeur et al. (2018) assembled a monoploid genome
reference sequence based on cultivar R570, and Zhang
et al. (2018) assembled the sequence of the 32 chromo-
somes of a S. spontaneum haploid clone.

Here, we exploited the sequence assembly of Garsmeur
et al. (2018) to design chromosome-specific oligo probes,
and used them to analyze the genome architecture of
some modern cultivars and their parental species.

RESULTS

Development of chromosome-specific oligo-based FISH
probes in Saccharum

Based on the sugarcane reference genome sequence
assembly of Garsmeur et al. (2018), that was assembled
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into 10 basic chromosomes, we designed 10 oligo-based
FISH probes, one for each assembled chromosome. Speci-
fic oligos were designed in regions regularly spaced along
chromosomes arms, representing about 1.2 Mb for each
chromosome.

These probes were tested on chromosome preparations
from S. officinarum. Each of the 10 oligo probes painted
both arms of eight (in one case nine) chromosome copies
in S. officinarum with 2n=8x=80 (or 81), and thus
painted one basic chromosome set in this species (Fig-
ures 1a,e and S1a,b). These results validated the chromo-
some specificity of these probes in S. officinarum that will
be further referred as probes P1-P10, corresponding to
chromosomes 1-10 in S. officinarum.

The probes mainly painted the distal parts of the chromo-
somes as expected, as they were designed on chromosome
arms. Some variation in the intensity of painting of individ-
ual chromosomes was sometimes observed, perhaps corre-
sponding to technical artifact or to variation in the degree of
homology between the various chromosome copies.

Genome architecture of Saccharum officinarum

In the clone Badila, we found 81 chromosomes instead of
the 2n =80 previously reported for this clone (Bremer,
1924; Jagathesan et al., 1970; Sreenivasan et al., 1987), and
each of the oligo probes painted both arms of eight chro-
mosomes, with the exception of probe P9 that painted
both arms of nine chromosomes (Figure 1a). Most S. offici-
narum clones have 2n=80 chromosomes, but some
exceptions have been reported and were suggested to cor-
respond to interspecific hybrids. We therefore performed
GISH using S. officinarum and S. spontaneum total DNA
as probes on chromosome preparations of Badila but we
found no chromosomes intensively labeled by the S. spon-
taneum genomic probe, showing that this clone is not a
hybrid between these two species (Figure S2a,b). This
clone is thus aneuploid, with eight copies of each basic
chromosome and one additional copy of chromosome 9
(Figure 2).

In the clone Black Innis, we found 2n = 80 chromosomes
as expected, and each of the oligo probes painted both
arms of eight chromosomes (Figures 1e and S1a,b). This
confirmed that this clone is octoploid with 2n = 8x = 80. In
addition, probe P5 painted a small chromosome segment
on another chromosome, revealing a small translocation
from chromosome 5 to one copy of chromosome 2 (Fig-
ures 2 and S2¢,d).

Genome architecture of Saccharum spontaneum

The 10 oligo probes were used individually or in combina-
tion on chromosome preparations of five S. spontaneum
accessions with different chromosome numbers.
Coimbatore is a S. spontaneum accession originating
from India (Madras region) with 2n =64 chromosomes
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(Panje and Babu, 1960). In this accession, probes P1, P2,
P3 and P4 each painted both arms of eight chromosomes
(Figure S1c-f). Probes P5 and P6 each painted one arm
and part of the second arm of eight chromosomes. Probe
P9 painted the remaining distal parts of these 16 chromo-
somes (Figure 1b). Probes P7 and P8 each painted one
arm and part of the second arm of eight chromosomes.
Probe P10 painted the remaining distal parts of these 16
chromosomes (Figure 1f). We noted that two of the chro-
mosome segments painted by probe P10 appear to be
detached from the chromosomes labeled by probe P7
(Figures 1f and S3a). This can be explained by the fact
that these S. spontaneum chromosomes carry an inter-
calary rDNA site that when de-condensed results in an
apparent break of the chromosomes on some chromo-
some preparations (Figure S3b; D’'Hont et al, 1998).
These results demonstrated a basic chromosome number
of x=8 in the S. spontaneum clone Coimbatore and
the hexaploid level of this clone with 2n=8x=64
(Figure 2).

Glagah is a S. spontaneum clone originating from
Indonesia with a chromosome number of 2n = 112 (Panje
and Babu, 1960). In this accession, probes P1, P2, P3 and
P4 each painted 14 chromosomes. Probes P5, P6, P7 and
P8 each painted one arm and part of the second arm of 14
chromosomes (Figure 1d). Probes P9 or P10 painted the
remaining parts of these chromosomes. One exception to
this pattern was seen in one chromosome copy labeled
exclusively with probe P5 (Figure 1d) that may result from
a deletion or a translocation with an undetermined chro-
mosome. These results demonstrated a basic chromosome
number of x =8 in the S. spontaneum Glagah, with the
same basic chromosome organization as the one observed
in Coimbatore but with a ploidy level of 14 with
2n = 14x =112 (Figure 2).

Mol5904 is a S. spontaneum clone originating from
Molokai islands/New Guinea reported to have 2n =80
chromosomes (Panje and Babu, 1960). In this clone, we
found 79 chromosomes. Probes P1, P2 and P4 each
painted both arms of 10 chromosomes. Probe P3 painted
both arms of nine chromosomes (Figure S1h). Probes P5,
P6 and P8 each painted one arm and part of the second
arm of 10 chromosomes. Probes P9 or P10 painted the
remaining distal parts of these chromosomes (Figure 1h).
P7 painted one arm and part of the second arm of eight
chromosomes, P10 painted the remaining distal parts of
these chromosomes. Another chromosome was painted by
probe P3 and probe P7 resulting from a translocation
between S. spontaneum chromosomes 3 and 7. Finally,
another chromosome was painted by probes P3, P7 and
P10, also resulting from a translocation between S. sponta-
neum chromosomes 3 and 7 (Figures 2 and S2e). These
results demonstrated a basic chromosome number of
x =8 in the S. spontaneum Mol5904, with the same basic
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S. officinarum, Badila, 2n=81, x=10

ficinarum, Black Innis, 2n=80, x=10

S. spontaneum, SE5196, 2n=54, x=9

Figure 1. Fluorescent in situ hybridization (FISH) with chromosome-specific oligo probes on metaphase mitotic chromosomes.

Probe combinations and accession names are indicated on the pictures. Chromosomes were counterstained in 4'-6-diamidino-2-phenylindole (DAPI; displayed
in gray). Schematic representations of the observed chromosome painting patterns are included. Arrow in (d) points to a peculiar copy of chromosome 5 (see
text) P5. Arrows in (f and g) point to an apparent break in the chromosomes due to an intercalary rDNA site. Scale bar: 5 um.
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right, with black two-headed arrows linking the chromosome segments involved. The interspecific recombinant chromosome arms and translocated chromo-

Each bar represents a chromosome, with colors corresponding to oligo probes used in Figure 1. Translocated chromosome segments are represented on the
some arms are positioned arbitrarily.

Figure 2. Karyotype schematic representations of the analyzed Saccharum officinarum and Saccharum spontaneum clones.
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chromosome organization as the one observed in Coim-
batore and Glagah but with a global ploidy level of 10. This
clone has 2n = 10x =79 and thus is aneuploid. It also dis-
played two translocations with two undetermined chromo-
somes (Figure 2).

The results obtained on Coimbatore, Glagah and
Mol5904 also validated that the variation in basic chromo-
some number in S. spontaneum with x = 8 compared with
S. officinarum with x = 10 resulted from two pairs of three
chromosomes that were rearranged in two chromosomes
as proposed by Garsmeur et al. (2018).

SES 186 and SES 196 are S. spontaneum clones both
originating from northern India (Orissa and West Bengal
region, respectively) with reported chromosome numbers
of 52 and 56, respectively (Panje and Babu, 1960).

In these clones, we observed 53 and 54 chromosomes,
respectively. Probes P1, P2, P3, P4, P5, P6 and P9 each
painted both arms of six chromosomes, except for probe
P9 in accession SES 186, which painted both arms of five
chromosomes (Figures 1c, 2, S1g and S2f). For both
clones, probes P7 and P8 each painted one arm and part of
the second arm of six chromosomes. Probe P10 painted
the remaining distal part of these chromosomes (Fig-
ures 1g and 2).

These results revealed a basic chromosome number of
x =9 in these two S. spontaneum clones, with the same
basic chromosome organization as the one observed in S.
officinarum for chromosomes 1, 2, 3, 4, 5, 6, 9 and the
same basic chromosome organization as in S. spontaneum
with x = 8 for chromosomes 7 and 8. Therefore, SES 196 is
a hexaploid with 2n = 6x=54. SES 186 is also globally hex-
aploid but lacks one copy of chromosome 9 and, thus, is
an aneuploid with 53 chromosomes (Figure 2).

Genome architecture of modern cultivars

The 10 oligo probes were used individually or in combina-
tion on chromosome preparations of four modern sugar-
cane cultivars, R570, Q165, Q208 and Q209. The genome
architecture of S. officinarum and S. spontaneum revealed
by the oligo probes was used to help interpret the results,
as modern cultivars combine chromosomes from both
species. For cultivars R570, Q165 and Q208, GISH was per-
formed as a second hybridization on the same slide after
the FISH experiment with genomic DNA from S. offici-
narum and S. spontaneum to identify the specific origin of
the chromosomes.

In cultivar R570, we counted 114 chromosomes from
which GISH showed that 10 (9%) correspond to S. spon-
taneum chromosomes and 10 (9%) to interspecific
recombinants chromosomes (Figures 3 and 4). We
revealed 12 copies for chromosomes 1 and 4, with
one—four copies corresponding to S. spontaneum or
interspecific recombinant chromosomes. We revealed

nine copies of S. officinarum chromosomes 5, 6 and 9,
two copies of S. spontaneum chromosome 6, and three
copies of S. spontaneum chromosome 5, of which two
copies corresponded to interspecific recombinants. We
revealed 10 copies of S. officinarum chromosomes 7, 8
and 10, and two copies of S. spontaneum chromosomes
7 and 8, one of them corresponding to an interspecific
recombinant. In addition, we detected a translocation
from a segment of S. spontaneum chromosome 5 to
one copy of S. officinarum chromosome 8 (Figures S2g
and 4).

In Q165, we counted 112 chromosomes, of which GISH
showed that 17 (15%) correspond to S. spontaneum chro-
mosomes and 10 (9%) to interspecific recombinant chro-
mosomes (Figure 4). We revealed 12 copies for
chromosomes 1 and 4, and 11 and 10 copies for chromo-
somes 2 and 3, respectively. Two—four of these chromo-
somes 1-4 corresponded to S. spontaneum or interspecific
recombinant chromosomes. We revealed eight copies for
S. officinarum chromosomes 6, 8, 9 and 10, and nine
copies for S. officinarum chromosomes 5 and 7. We also
identified three copies of S. spontaneum chromosomes 5,
four copies of S. spontaneum chromosome 6, with one
corresponding to an interspecific recombinant, and four
copies of S. spontaneum chromosomes 7 and 9, with one
corresponding to an interspecific recombinant. A small
segment of chromosome 9 appeared translocated to one
copy of chromosome 2. Finally, one segment of chromo-
some 2, two segments of chromosome 3 and one segment
of chromosome 8 appeared translocated to other undeter-
mined chromosomes. Because we counted 112 chromo-
somes for this cultivar, it is expected that the four
translocated chromosome segments observed in this culti-
var correspond each to part of two chromosomes.

In Q208, we counted 110 chromosomes from which
GISH showed that 18 (16%) correspond to S. spontaneum
chromosomes and seven (6%) to interspecific recombinant
chromosomes (Figure 4). We revealed 11 copies for chro-
mosome 1, and 12 copies for chromosomes 2, 3 and 4, of
which three—four corresponded to S. spontaneum or inter-
specific recombinant chromosomes. One segment of
S. officinarum chromosome 1 appeared translocated onto
one copy of chromosome 6. We revealed 10, nine and
eight copies for the S. officinarum chromosomes 5, 6 and
9, respectively, and two copies of S. spontaneum chromo-
somes 5 and 6. One of the copies of S. spontaneum chro-
mosome 5 corresponded to an interspecific recombinant.
We revealed 10, seven and eight copies for S. officinarum
chromosomes 7, 8 and 10, respectively, and three and four
copies of S. spontaneum chromosomes 7 and 8,
respectively. One of the copies of S. spontaneum chromo-
some 8 corresponded to an interspecific recombinant. One
copy of S. spontaneum chromosome 8 appeared
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. officinarum

. officinarum

spontansum

Figure 3. (a-e, g) Fluorescent in situ hybridization (FISH) on metaphase mitotic chromosomes of cultivar R570 with chromosome-specific oligo probes. Probe
combinations are indicated on each picture. Chromosomes were counterstained in 4'-6-diamidino-2-phenylindole (DAPI; displayed in gray).

(f and h) Genomic in situ hybridization (GISH) with Saccharum officinarum and Saccharum spontaneum total DNA detected in green and orange, respectively,
and performed as a second hybridization on the (e, g) metaphase cells. Scale bar: 5 um.
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Figure 4. Karyotype schematic representation of the analyzed cultivars.

Each bar represents a chromosome. On the left side, colors correspond to oligo probes used in Figure 4. On the right side, Saccharum officinarum chromo-
somes are represented in green and Saccharum spontaneum chromosomes in orange based on estimation from genomic in situ hybridization (GISH) results.
No GISH was performed for Q209. Translocated chromosome segments are represented on the right, with black two-headed arrows linking the chromosome
segments involved, when known. The interspecific recombinant chromosome arms and translocated chromosome arms are positioned arbitrarily.

truncated; this may have resulted from a translocation with
an undetermined chromosome or from an interspecific
recombination.

In Q209, we counted 107 chromosomes. We revealed
10-12 copies for chromosomes 1-4, and part of two copies
of chromosome 2 that are translocated onto two undeter-
mined chromosomes (Figure 4). We identified seven—nine
copies of chromosomes 6-10, which we attributed to
S. officinarum given their structures, and three copies that
we attributed to S. spontaneum 5-8 given their structures.
Finally, one segment of chromosome 5 appeared translo-
cated to another undetermined chromosome. Because we
counted 107 chromosomes for this cultivar, we consider
that two of the translocated chromosome segments

observed in this cultivar corresponded to part of one chro-
mosome.

DISCUSSION

We analyzed the genome architecture of modern sugar-
cane cultivars and representatives of the two species from
which they derived, S. officinarum and S. spontaneum,
using chromosome-specific oligo probes. These probes
were designed using the BAC-based sugarcane reference
sequence of Garsmeur et al. (2018). The scaffolds (BAC
sequences) of this reference sequence were assembled in
10 S. officinarum basic chromosomes based on the previ-
ously reported synteny conservation between sugarcane
and sorghum (Dufour et al., 1997; Guimaraes et al., 1997;
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Ming et al., 1998; Le Cunff et al, 2008). One probe was
designed for each of the 10 assembled chromosomes.

We showed that each of the 10 oligo probes painted
both arms of eight chromosome copies in S. officinarum
with 2n = 80, and thus painted one basic chromosome set
in this species. These results validated the chromosome
specificity of these probes in S. officinarum, and confirmed
at the genome scale the global synteny conservation
between S. officinarum and sorghum. This synteny conser-
vation has been previously assessed only based on genetic
mapping, with genetic maps not saturated (Dufour et al.,
1997; Guimaraes et al., 1997; Ming et al., 1998; Le Cunff
et al., 2008) due to the complexity of the genome.

The sugar-rich group of S. officinarum displays mainly
2n =80 chromosomes, and is thought to have been
domesticated in New Guinea from the wild species
S. robustum (2n = 60, 80 and up to 200; Brandes, 1956; for
review, see Sreenivasan et al., 1987). For S. robustum and
S. officinarum, a basic chromosome number of x = 10 has
been proposed based on it being the most common num-
ber in the Andropogoneae tribe (Bremer, 1961) and that
the major cytotypes (2n =80 or 60) more likely represent
euploid forms (Bremer, 1961). This assumption was sup-
ported by physical mapping of two types of rRNA genes
(6S and 45S) using FISH on a few S. officinarum and
S. robustum clones (D'Hont et al., 1998). The two S. offici-
narum clones we analyzed displayed eight (nine in one
case) copies of 10 chromosomes confirming a basic num-
ber of x =10. Saccharum officinarum has thus kept a basic
chromosome number of x = 10 that is recognized as being
ancestral in the Andropogoneae tribe.

Eight copies of each chromosome were found in the two
S. officinarum clones analyzed, confirming a global octo-
ploid level; an exception was one chromosome (Ch9) in
clone Badila that had nine copies. Clones from the species
S. officinarum were reported to mainly have 2n = 80, with
some exceptions in the range of (78-120) (for review, see
Sreenivasan et al., 1987). These exceptions were suggested
to correspond to atypical aneuploids, for clones with minor
deviation or, for larger deviations, to interspecific hybrids
with S. spontaneum (Bremer, 1924; Price, 1960; Jagathesan
et al., 1970; Sreenivasan et al., 1987), and this was demon-
strated in a few cases using GISH (Piperidis et al., 2010). We
found no trace of interspecific hybridization in the Badila
clone we analyzed; it thus appears to be a pure S. offici-
narum with an aneuploidy chromosome number of 2n = 81.

The wild species S. spontaneum has a wide geographi-
cal distribution from the Mediterranean to the Pacific and
shows great phenotypic variation. This species also has a
wide range of chromosome numbers from 2n = 40-128,
the most frequent being in decreasing order 64, 112, 80,
128, 96, 120, 60 and 54 (Panje and Babu, 1960). Basic chro-
mosome numbers of x =5, 6, 8, 10 and 12 have been pro-
posed by classical cytogeneticists based on chromosome
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counts and chromosome pairing observations, with x = 8
and x = 10 being the most plausible as multiples of eight
and to a lesser extent multiples of 10 were the most fre-
quent (for review, see Sreenivasan et al., 1987). A basic
chromosome number of x=8 was demonstrated in six
S. spontaneum clones with 2n = 64, 80, 96 or 112 by physi-
cal mapping of two types of rRNA genes (5S and 45S)
using FISH (D'Hont et al., 1998; Ha et al., 1999).

Garsmeur et al. (2018) proposed, based on a high-den-
sity SNP genetic map of a modern cultivar, that the rear-
rangements between the basic chromosome of x= 10 in
S. officinarum and the basic chromosome of x=8 in
S. spontaneum consisted of two cases where three chro-
mosomes were rearranged into two chromosomes. This
scenario was then supported by the genome sequence
assembly of a haploid S. spontaneum clone SES 208 that
was assembled in 32 chromosomes corresponding to four
copies of eight basic chromosomes (Zhang et al., 2018).

For three of the S. spontaneum clones we analyzed, we
revealed a basic chromosome number of x = 8 with archi-
tecture corresponding to that proposed by Garsmeur et al.
(2018). These clones were Coimbatore, originating from
southern India (Madras region), Glagah from Indonesia/
Java, and Mol5904 from Molokai islands.

Recently, Meng et al. (2019) identified one S. sponta-
neum clone (Nepal-X) having a basic chromosome number
of x=10 with 2n=4x= 40 chromosomes using oligo-
FISH-barcode probes. This clone showed a global chromo-
some architecture conserved with sorghum and by
extension with S. officinarum, as synteny is globally con-
served between S. officinarum and sorghum.

Here we identified, for the first time, S. spontaneum
clones (SES 186 and SES 196) with a basic chromosome
number of x=9. In these clones, we showed that seven
chromosomes had a global structure identical to seven
S. officinarum chromosomes, and that two chromosomes
had a distinct structure compared with S. officinarum but
identical to the one observed in S. spontaneum with x = 8.
Thus, S. spontaneum with x =9 has one rearrangement in
common with S. spontaneum with x = 8, and could repre-
sent an intermediate step between x = 10 and x = 8.

These results suggest that, after its divergence from the
lineage of S. officinarum and its proposed wild ancestor
S. robustum, rearrangements occurred in the S. sponta-
neum lineage involving cytotypes with x = 10 that through
an intermediate step of x=9 led to cytotypes with x = 8.
Identifying the mechanisms involved will require further
investigation, but could imply two successive reciprocal
translocations, as reported in Brassicaceae and Poaceae
(Mandkov et al., 2010; Wang and Bennetzen, 2012).

This also suggests that polyploidization steps occurred
independently in S. officinarum/S. robustum and S. spon-
taneum lineages after their divergence about 1.5-3.5 Mya;
Jannoo et al., 2007; Vilela et al., 2017; Zhang et al., 2018;
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Garsmeur et al., 2018), or if we consider that a change in
basic chromosome number can occur at a tetraploid level,
one of these steps of polyploidization from 2x to 4x may
have occurred before the divergence of S. officinarum/
S. robustum and S. spontaneum lineages.

Panje and Babu (1960) analyzed chromosome numbers
in a very large sample of 442 S. spontaneum clones, and
proposed a subdivision into three groups corresponding to
three main geographical sectors. The first sector corre-
sponded to a western sector (Africa, Mediterranean) pre-
dominantly with clones 2n =112, 120 and 128 that are all
multiples of eight. The second group corresponds to an
Eastern sector (South East Asia and Pacific) with mainly
2n = 80, 96 and 112 clones. We analyzed two clones from
this region in the present study, Glagah from Indonesia
and Mol5904 from Molokai islands, and showed that both
had a basic chromosome number of x=8 with
2n=14x= 112 and 2n = 8x =79, respectively. D'Hont et al.
(1998) analyzed clones from this sector with 2n =80, 96
and 112, and also found a basic chromosome number of
x = 8. The third central sector corresponds to the Indian
subcontinent (including Nepal, east and west Pakistan, and
Sri Lanka) and contains the broader range of chromosome
numbers from 40 to 80 with mainly 2n = 64, the larger
number of aneuploid forms and clones with the lowest
chromosome numbers. The clone identified by Meng et al.
(2019) with x = 10 and 2n = 4x = 40, and the one we identi-
fied with x=9 and 2n = 6x =54, 53, all came from the
northern part of this central sector. Most of the clones with
low chromosome numbers and x =10 or x=9 are found
in this region, which also includes clones with high chro-
mosome numbers multiples of x=8 (Panje and Babu,
1960). This region, that covers the sub-Himalayan foothills
and the alluvial plains of the Ganges, seems thus to corre-
spond to a region of evolution of S. spontaneum. Saccha-
rum spontaneum clones with low chromosome numbers
are much less frequent than clones with high chromosome
numbers, and are much restricted in their geographic dis-
tribution. High polyploidization seems to have been an
important factor in the expansion of this species, which
has been reported in some cases as being invasive (West-
brooks and Miller, 1993; Hammond, 1999; Grivet et al.,
2006). Polyploidization can provide increased adaptability
to harsher conditions in novel environments (for review,
see Comai, 2005; Van De Peer et al., 2017), and may favor
invasiveness (Te Beest et al., 2012). Clones with x = 10 and
x =9 are also much less frequent than those with x = 8.
The chromosome rearrangements that led to x =8 may
have been associated with selective advantages and/or the
rearranged chromosomes may be preferentially transmit-
ted to the progeny and thus may have colonized the spe-
cies (Martin et al., 2017), or they may have favored further
polyploidization resulting in an increased adaptability lead-
ing to expansion of the species to the south, east and west.

Therefore, it is proposed that from the northern part of
India S. spontaneum cytotypes with x = 8 emerged, poly-
ploidized, and then extended largely to other areas.

The four cultivars that we analyzed had between 107
and 114 chromosomes. In the three cases analyzed with
GISH, we identified between 10 and 16% of entire S. spon-
taneum chromosomes and 6-10% chromosomes resulting
from interspecific exchanges. This sits in the range previ-
ously reported (D'Hont et al., 1996; Cuadrado et al., 2004;
Piperidis et al., 2010). This proportion remains approximate
as GISH experiments were performed as a second
hybridization on the same slide resulting in some instances
with low differentiation on some chromosomes. The num-
ber of interspecific recombinants is also an approximation
as interspecific recombination involving small chromo-
some segments may not be detectable with the resolution
of GISH. We showed that the vast majority of the chromo-
somes that result from interspecific exchanges were
derived from recombination between homeologous chro-
mosomes; only in one case we showed that it resulted
from a translocation between distinct basic chromosomes.
These results confirmed that interspecific recombination
occurs between S. officinarum and S. spontaneum homoe-
ologous chromosomes, as proposed based on genetic
mapping studies (Grivet et al., 1996; Hoarau et al., 2001).

In the four modern cultivars we analyzed, the S. sponta-
neum chromosomes that could be distinguished between
cytotypes with x=8 and x=10 or x=9 all came from
S. spontaneum cytotypes with x = 8. This is consistent with
the facts that S. spontaneum with x = 8 are the most fre-
quent, and that the two S. spontaneum clones reported to be
involved in the first interspecific hybridizations made a cen-
tury ago, and from which all modern cultivars are derived,
involved two clones with x = 8. These clones are Glagah from
Java with 2n = 14x =112 and Coimbatore from India with
2n = 8x = 64 (Arceneaux, 1965; Sreenivasan et al., 1987).

In the four cultivars and for the four basic chromosomes
with a chromosome structure conserved between S. offici-
narum and S. spontaneum with x = 8 (chromosomes 1-4),
we observed mainly 12 chromosome copies. For the chro-
mosomes with a distinct structure between the two parental
species, we observed a more variable number of chromo-
some copies (between 10 and 13). Large chromosome struc-
tural variations such as the one observed between S.
officinarum and S. spontaneum are known to generate
unbalanced gametes. Aneuploidy or segmental aneuploidy
can result from normal segregation of bivalents between
chromosomes with distinct chromosome structures or from
resolution of multivalent pairing and univalent (Martin et al.,
2017; Baurens et al., 2019). This could explain the more vari-
able chromosome copy numbers for basic chromosomes
with a distinct structure between the two parental species.

In addition, one—four inter-chromosome large transloca-
tions were revealed in the cultivars we analyzed, as well as

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), doi: 10.1111/tpj.14881



one in one S. officinarum clone and two in a S. sponta-
neum clone. Smaller inter-chromosome translocations
may also exist, but may not be detected due to the resolu-
tion limits of FISH experiments. In addition, inversions also
cannot be detected using whole-chromosome probes,
although they probably exist as shown in the SES208
S. spontaneum sequence assembly (Zhang et al., 2018).
Variation of ploidy between chromosomes or chromosome
segments, i.e. aneuploidy or segmental aneuploidy due to
the coexistence of distinct basic chromosome structure
from the parental species or due to inter-chromosome
translocations are probably tolerated in sugarcane cultivars
and their parental species thanks to the high polyploid con-
text. This buffering capacity of polyploidy was shown in
banana where aneuploidy or segmental aneuploidy is tol-
erated at the triploid level but not at the diploid level,
where it can generate lethal gametes due to the absence of
a chromosome or chromosome segment (Martin et al.,
2017; Baurens et al., 2019).

Surprisingly, despite this very high level of genome
complexity, meiosis of sugarcane cultivars involved mainly
bivalent pairing with only a few irregularities found at ana-
phase |, such as chromosome bridges and laggards (Bur-
ner, 1991; Burner and Legendre, 1993; Thumjamras et al.,
2016; Vieira et al., 2018).

Genetic mapping studies suggested that in cultivars
pairing is mainly polysomic with some preferential pairing
occasionally leading to disomy (Grivet et al., 1996; Hoarau
et al., 2001; Jannoo et al., 2004). We can imagine that the
cases of disomy or preferential pairing may involve chro-
mosomes from the same species when chromosome struc-
ture differs between the two ancestral species.

Our study provides important and new information
regarding the architecture and evolution of the genomes of
thetwo species, S. officinarumand S. spontaneum, at the ori-
gin of modern cultivars. Our findings highlight the extreme
level of complexity of modern sugarcane cultivar genomes
that we showed included: (i) chromosomes from two species
with distinct basic chromosome architectures; (ii) various
chromosome copy numbers depending on chromosomes
or chromosome segment; (iii) various chromosome copy
numbers originating from the two parental species depend-
ing on chromosomes; (iv) interspecific recombinant chro-
mosomes; and (v) inter-chromosome translocations.

This genome complexity will undoubtedly have to be
taken into account when developing genomics-assisted
breeding approaches that have started to be experimented
for the improvement of this challenging crop.

EXPERIMENTAL PROCEDURES
Plant material

The accessions analyzed in this study included two S. officinarum
(Badila and Black Innis), five S. spontaneum (Coimbatore,
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Glagah, Mol 5904, SES 186 and SES 196) all from the Sugar
Research Australia (SRA) collection based in Meringa, Australia,
and four cultivars (R570, Q165, Q208 and Q209) that were
sourced from the SRA stations in Meringa or Mackay (Australia).
Sugarcane is propagated vegetatively, so accessions consisted of
clones.

Chromosome preparation

Root tips were harvested from sugarcane plants grown in a glass-
house in 20-L pots containing a mixture of 50% vermiculite/perlite
or in an aeroponic system with liquid fertilizer (lonic Grow,
Growth Technology), in Mackay, Australia. Actively growing root
tips were pre-treated in a solution of 0.05% 8-hydroxyquinoline for
4 h, oxygenated every hour with a pipette, transferred into an
ethanol:acetic acid (3:1) fixative solution for 72 h, and stored in
70% ethanol until use. Fixed root tips were sequentially washed
twice for 10 min in H,0, in a 0.25 N HCI solution, in H,0, and
finally in a digestion citrate buffer. Meristem tips were then incu-
bated at 37°C in a mixture of pectinase (1% final concentration)
and cellulase (5% final concentration) in digestion citrate buffer
for 2-4 h depending on their size, before being spread on a slide
with tweezers in a 3:1 fixative solution.

Chromosome oligo probe design

We used the sugarcane reference sequence assembly of Gars-
meur et al. (2018) that was assembled in 10 chromosomes to
design one oligo probe per chromosome (probes 1-10). Probes
were designed by Arbor Biosciences (Ann Arbor, MI, USA) using
their proprietary software. The design was based on targeting
interspaced regions (islands) spread over the chromosome. Tar-
get sequences were cut into overlapping probe candidate
sequences with a size ranging from 43 to 47 bases to accommo-
date for a narrow Tm distribution. Probe candidate sequences
were compared with the rest of the genome sequence. A combi-
nation of sequence similarity and thermodynamic parameters
was used to reject any candidates with significant potential
cross-hybridization. Overlapping qualified probes were discarded
to obtain a final set of unique non-overlapping target-specific
probes. The number and size of targeted islands varied according
to chromosome assembly size, but the final probe represents
about 27 000 oligos of about 45 nucleotides, and thus about
1.2 Mb for each chromosome. Probes were labeled depending on
chromosome and experiments with ATTO 488 (green fluores-
cence), ATTO 550 (red fluorescence), ATTO 594 and ATTO 633
(far-red fluorescence).

FISH/GISH preparation

The FISH with chromosome-specific oligo probes was performed
as described previously (Piperidis et al, 2013; Piperidis, 2014),
except that no blocking DNA was used. The hybridization mixture
consisted of 50% formamide, 10% dextran sulfate, 1 x of 20 x
standard sodium citrate (SSC), 10% sodium dodecyl! sulfate, 1 ng
salmon sperm DNA, and 50-100 ng of probes, and H,0 to 50 pl.

Chromosome-specific oligo probes were used separately or in
combination depending on the experiment. Not all combinations
of probes were used, so in the few cases where we observed
inter-chromosome translocation, it was often not possible to iden-
tify one of the two chromosomes involved.

For GISH, genomic DNA was labeled by random priming
according to the manufacturer’s directions. We used the BIO-
PRIME DNA labeling system with rhodamine 5-d-UTP to label
genomic DNA from S. officinarum (clone Badila or BNS 3066), and
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with fluorescein 12-d-UTP to label genomic DNA from S. sponta-
neum (clone Coimbatore or Mandalay).

The GISH experiments were performed on the same slides used
for FISH after removing the cover slips in 4 x SSC/Tween20 at
42°C for 10 min, followed by a 2 x SSC at 42°C for another
10 min. Slides were then denatured with a formamide solution fol-
lowing the same protocol used for the chromosome-specific oligo
probes.

Slides were then counterstained with 4'-6-diamidino-2-phenylin-
dole (DAPI; Vectashield Mounting Media with DAPI). Images were
digitally captured with a CCD camera attached to a BX53 Olympus
microscope, and final contrast of images was processed with the
Olympus Cellsens software. Chromosomes for each clone were
analyzed from at least four cells and at least two root tips.
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Figure S1. (a-h) FISH with chromosome-specific oligo probes on
metaphase mitotic chromosomes. Probes and accession names
are indicated on the pictures. Chromosomes were counterstained
in DAPI (displayed in gray). Two white arrows on (h) point to two
chromosomes with only one arm painted by P3. Scale bar: 5 um.
Figure S2. (a, c—g) FISH with chromosome-specific oligo probes
on metaphase mitotic chromosomes. Probe combinations and
accession names are indicated on the pictures. Chromosomes
were counterstained in DAPI (displayed in gray). (b) GISH with S.
officinarum and S. spontaneum total DNA detected in green and
red, respectively, and performed as a second hybridization on the
(a) metaphase cell (showing no sign for the presence of S. sponta-
neum chromosomes). (c,d) White arrow points to the transloca-
tion of a small segment of chromosome 5 in one copy of
chromosome 2. (e) Schematic representations of the observed
chromosome painting patterns are included for the two translo-
cated chromosomes. (f) Six copies of chromosomes 5 and 6 and
five copies of chromosome 9. (g) The white arrow points to a
translocated segment from chromosome 5 onto one copy of chro-
mosome 8. Scale bar: 5 pm.

Figure S3. FISH on metaphase mitotic chromosomes of S. sponta-
neum Coimbatore with (a) chromosome-specific oligo probes 7, 8
and 10, and (b) a 45S rDNA probe. Chromosomes were counter-
stained in DAPI. Arrows in (a) point to an apparent break in the
chromosomes due to the intercalary rDNA sites. Arrows in (b)
point to rDNA sites, crosses indicate signals interpreted as back-
ground. Scale bar: 5 um.

REFERENCES

Albert, P.S., Zhang, T., Semrau, K., Rouillard, J.M., Kao, Y.H., Wang, C.J.R.,
Danilova, T.V., Jiang, J. and Birchler, J.A. (2019) Whole-chromosome
paints in maize reveal rearrangements, nuclear domains, and chromoso-
mal relationships. Proc. Natl Acad. Sci. USA, 116, 1679-1685.

Arceneaux, G. (1965) Cultivated sugarcanes of the world and their botanical
derivation. Proc. Int. Soc. Sugar Cane Technol. 12, 844-854.

Baurens, F.C., Martin, G., Hervouet, C. et al. (2019) Recombination and large
structural variations shape interspecific edible bananas genomes. Mol.
Biol. Evol. 36, 97-111.

Beest, M.T., Roux, J.J.L., Richardson, D.M., Brysting, A.K., Suda, J.,
Kubesova, M. and Pysek, P. (2012) The more the better? The role of poly-
ploidy in facilitating plant invasions. Ann. Bot. 109, 19-45.

Beliveau, B.J., Joyce, E.F., Apostolopoulos, N. et al. (2012) Versatile design
and synthesis platform for visualizing genomes with Oligopaint FISH
probes. Proc. Natl Acad. Sci. USA, 109, 21 301-21 306.

Brandes, E.W. (1956) Origin, dispersal and use in breeding of the Melane-
sian garden sugarcanes and their relatives, S. officinarum L. Proc. Int.
Soc. Sugar Cane Technol. 9, 709-750.

Braz, G.T., He, L., Zhao, H., Zhang, T., Semrau, K., Rouillard, J.M., Torres,
G.A. and Jiang, J. (2018) Comparative oligo-FISH mapping: an efficient
and powerful methodology to reveal karyotypic and chromosomal evolu-
tion. Genetics, 208, 513-523.

Bremer, G. (1922) Een cytologisch onderzoek van eenige soorten en soorts-
bastaarden van het geslacht Saccharum. Archief voor de Suikerindustrie
in Nederlandsch Indié. Meded. Proefstn. Java-suiker-industrie, 1, 1-112.

Bremer, G. (1924) The cytology of the sugarcane. A cytological investigation
of some cultivated kinds and their parents. Genetica (The Hague), 6, 497—
525.

Bremer, G. (1961) Problems in breeding and cytology of sugar cane. Euphyt-
ica, 10, 59-78.

Burner, D.M. (1991) Cytogenetic analyses of sugarcane relatives (Andro-
pogoneae: Saccharinae). Euphytica, 54(1), 125-133. https://doi.org/10.
1007/BF00145639.

Burner, D.M. and Legendre, B.L. (1993) Chromosome transmission and mei-
otic stability of sugarcane (Saccharum spp.) hybrid derivatives. Crop Sci.
33, 600-606.

Comai, L. (2005) The advantages and disadvantages of being polyploid. Nat.
Rev. Genet. 6, 836-846.

Cuadrado, A., Acevedo, R., Espina, M.D.D.L., Jouve, N. and de la Torre, C.
(2004) Genome remodelling in three modern S. officinarumxS. sponta-
neum sugarcane cultivars. J. Exp. Bot. 55, 847-854.

Cunff, L.L., Garsmeur, O., Raboin, L.M. et al. (2008) Diploid/polyploid syn-
tenic shuttle mapping and haplotype-specific chromosome walking
toward a rust resistance gene (Bru1) in highly polyploid sugarcane (2n
~ 12x ~ 115). Genetics, 180, 649-660.

D’Hont, A. (2005) Unraveling the genome structure of polyploids using FISH
and GISH; examples of sugarcane and banana. Cytogenet Genome Res.
109, 27-33.

D’Hont, A., Grivet, L. and Feldmann, P. (1996) Characterisation of the double
genome structure of modern sugarcane cultivars (Saccharum spp.) by
molecular cytogenetics. Molec. Gen. Genet. 250, 405-416.

D’Hont, A., Ison, D., Alix, K., Roux, C. and Glaszmann, J.C. (1998) Determi-
nation of basic chromosome numbers in the genus Saccharum by physi-
cal mapping of ribosomal RNA genes. Genome, 41, 221-225.

D’Hont, A., Paulet, F. and Glaszmann, J.C. (2002) Oligoclonal interspecific
origin of ‘North Indian’ and ‘Chinese’ sugarcanes. Chromosom. Res. 10,
253-262.

D’Hont, A., Rao, P.S., Feldmann, P., Grivet, L., Islam-Faridi, N., Taylor, P.
and Glaszmann, J.C. (1995) Identification and characterisation of sugar-
cane intergeneric hybrids, Saccharum officinarum x Erianthus arundi-
naceus, with molecular markers and DNA in situ hybridisation. Theor.
Appl. Genet. 91, 320-326.

Daniels, J. and Daniels, C. (1975) Geographical, historical and cultural aspects
of the origin of the Indian Chinese sugarcanes S. barberi and S. sinense.
Int. Soc. Sugar Cane Technol. Sugarcane Breed. Newslett. 36, 4-23.

Dufour, P., Deu, M., Grivet, L., D’'Hont, A., Paulet, F., Bouet, A., Lanaud, C.,
Glaszmann, J.C. and Hamon, P. (1997) Construction of a composite sor-
ghum genome map and comparison with sugarcane, a related complex
polyploid. Theor. Appl. Genet. 94, 409-418.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), doi: 10.1111/tpj.14881


https://doi.org/10.1007/BF00145639
https://doi.org/10.1007/BF00145639

Garsmeur, 0., Droc, G., Antonise, R. et al. (2018) A mosaic monoploid refer-
ence sequence for the highly complex genome of sugarcane. Nat. Com-
mun. 9(1), https://doi.org/10.1038/s41467-018-05051-5.

Glaszmann, J.C., Dufour, P., Grivet, L., D’Hont, A., Deu, M., Paulet, F. and
Hamon, P. (1997) Comparative genome analysis between several tropical
grasses. Euphytica, 96, 13-21.

Grivet, L., Daniels, C., Glaszmann, J.C. and D'Hont, A. (1996) A review of
recent molecular genetics evidence for sugarcane evolution and domes-
tication. Ethnobot. Res. Appl. 2, 9-17.

Grivet, L., Glaszmann, J.-C. and D'Hont, A. (2006) Molecular evidence of
sugarcane evolution and domestication. In Darwin’s harvest : New
approaches to the origins, evolution, and conservation of crops (Motley,
T.J., Zerega, N. and Cross, H. eds.). New York: Columbia University
Press, 49-66.

Guimaraes, C.T., Sills, G.R. and Sobral, B.W.S. (1997) Comparative mapping
of Andropogoneae: Saccharum L. (sugarcane) and its relation to sor-
ghum and maize. Proc. Natl Acad. Sci. USA, 94, 14 261-14 266.

Ha, S., Moore, P.H., Heinz, D., Kato, S., Ohmido, N. and Fukui, K. (1999) Costs
of secondary parasitism in the facultative hyperparasitoid Pachycre-
poideus dubius: Does host size matter? Plant Mol. Biol. 39, 1165-1173.

Hammond, B.W. (1999) Saccharum spontaneum (Gramineae) in Panama:
the physiology and ecology of invasion. J. Sustain. For. 8, 23-38.

Han, Y., Zhang, T., Thammapichai, P., Weng, Y. and Jiang, J. (2015) Chro-
mosome-specific painting in Cucumis species using bulked oligonu-
cleotides. Genetics, 200, 771-779.

He, L., Braz, G.T., Torres, G.A. and Jiang, J. (2018) Chromosome painting in
meiosis reveals pairing of specific chromosomes in polyploid Solanum
species. Chromosoma, 127, 505-513.

Hoarau, J.Y., Offmann, B., D'Hont, A., Risterucci, A.M., Roques, D., Glasz-
mann, J.C. and Grivet, L. (2001) Genetic dissection of a modern sugar-
cane cultivar (Saccharum spp.). . Genome mapping with AFLP markers.
Theor. Appl. Genet. 103, 84-97.

Jagathesan, D., Sreenivasan, T.V. and Ratnambal, M.J. (1970) Chromosome
numbers in noble sugarcanes. Indian J. Hered. 2, 88-96.

Jannoo, N., Grivet, L., Chantret, N., Garsmeur, 0., Glaszmann, J.C., Arruda,
P. and D'Hont, A. (2007) Orthologous comparison in a gene-rich region
among grasses reveals stability in the sugarcane polyploid genome.
Plant J. 50, 574-585.

Jannoo, N., Grivet, L., David, J., D’'Hont, A. and Glaszmann, J.C. (2004) Dif-
ferential chromosome pairing affinities at meiosis in polyploid sugarcane
revealed by molecular markers. Heredity (Edinb.) 93, 460-467.

Jiang, J. (2019) Fluorescence in situ hybridization in plants: recent develop-
ments and future applications. Chromosom. Res. 27, 153-165.

Jiang, J. and Gill, B.S. (2006) Current status and the future of fluorescence
in situ hybridization (FISH) in plant genome research. Genome, 49, 1057—
1068.

Mandkov, T., Heenan, P.B. and Lysak, M.A. (2010) Island species radiation
and karyotypic stasis in Pachycladon allopolyploids. BMC Evol. Biol. 10,
1-14.

Martin, G., Carreel, F., Coriton, O. et al. (2017) Evolution of the banana gen-
ome (Musa acuminata) is impacted by large chromosomal transloca-
tions. Mol. Biol. Evol. 34, 2140-2152.

Meng, Z., Han, J., Lin, Y. et al. (2019) Characterization of a Saccha-
rum spontaneum with a basic chromosome number of x = 10 pro-
vides new insights on genome evolution in genus Saccharum.
Theor. Appl. Genet. 133, 187-199. https://doi.org/10.1007/s00122-
019-03450-w.

Ming, R., Liu, S.C., Lin, Y.R. et al. (1998) Detailed alignment of Saccharum
and Sorghum chromosomes: comparative organization of closely related
diploid and polyploid genomes. Genetics, 150, 1663-1682.

Whole-chromosome painting in sugarcane 13

Panje, R. and Babu, C. (1960) Studies in Saccharum spontaneum. Distribu-
tion and geographical association of chromosome numbers. Cytologia
(Tokyo), 25, 152-172.

Van de Peer, Y., Mizrachi, E. and Marchal, K. (2017) The evolutionary signifi-
cance of polyploidy. Nat. Rev. Genet. 18, 411-424.

Piperidis, G. and D'Hont, A. (2001) Chromosome composition analysis of
various Saccharum interspecific hybrids by genomic in situ hybridisation
(GISH). Proc. 24th Int. Soc. Sugar Cane Tech. 24, 565-566.

Piperidis, G., Piperidis, N. and D'Hont, A. (2010) Molecular cytogenetic
investigation of chromosome composition and transmission in sugar-
cane. Mol. Genet. Genomics, 284, 65-73.

Piperidis, N. (2014) GISH: resolving interspecific and intergeneric hybrids.
Methods Mol. Biol. 1115, 325-336.

Piperidis, N., Aitken, K. and Hermann, S. (2013) Towards a reliable
method to select potentially high value Erianthus hybrids. Int. Sugar
J. 115, 794-799.

Price, S. (1960) Cytological studies in Saccharum and allied genera. VI.
Chromosome numbers in S. officinarum and other noble sugarcanes.
Hawaii Plant Rec. 56, 183-194.

Price, S. (1963) Cytogenetics of modern sugarcane. Econ. Bot. 17, 97-106.

Price, S. (1965) Interspecific hybridization in sugarcane breeding. Proc. Int.
Soc. Sugar Cane Technol. 12, 1021-1026.

Roach, B.T. (1972) Nobilisation of sugarcane. Proc. Int. Soc. Sugar Cane
Technol. issct.org, 206-216.

Song, X., Song, R., Zhou, J. et al. (2020) Development and application of
oligonucleotide-based chromosome painting for chromosome 4D of Tri-
ticum aestivum L. Chromosome Res. 28, 171-182.

Sreenivasan, T.V., Ahloowalia, B. and Heinz, D. (1987) Cytogenetics. In
Sugarcane Improvement Through Breeding (Heinz, D.J., ed.). Amster-
dam: Elsevier Press, pp. 211-253.

Thumjamras, S., lamtham, S., Prammanee, S. and de Jong, H. (2016) Mei-
otic analysis and FISH with rDNA and rice BAC probes of the Thai KPS
01-01-25 sugarcane cultivar. Plant Syst. Evol. 302, 305-317.

do Vale Martins, L., Yu, F., Zhao, H. et al. (2019) Meiotic crossovers charac-
terized by haplotype-specific chromosome painting in maize. Nat. Com-
mun. 10, 1-10. https://doi.org/10.1038/s41467-019-12646-z.

Vieira, M.L.C., Almeida, C.B., Oliveira, C.A. et al. (2018) Revisiting meiosis in
sugarcane: chromosomal irregularities and the prevalence of bivalent
configurations. Front. Genet. 9, 1-12.

Vilela, M.D.M., Bem, L.E.D., Sluys, M.A.V. et al. (2017) Analysis of three sug-
arcane homo/homeologous regions suggests independent polyploidiza-
tion events of Saccharum officinarum and Saccharum spontaneum.
Genome Biol. Evol. 9, 266-278.

Wang, H. and Bennetzen, J.I. (2012) Centromere retention and loss during
the descent of maize from a tetraploid ancestor. Proc. Nat/ Acad. Sci.
USA, 109, 21 004-21 009.

Westbrooks, R.G. and Miller, J.D. (1993) Investigation of wild sugarcane
(Saccharum spontaneum L.) escaped from the USDA ARS sugarcane field
station at Canal Point, Florida. Proc. South. Weed Sci. Soc. 46, 293-295.

Xi, W., Tang, S., Du, H., Luo, J., Tang, Z. and Fu, S. (2020) ND-FISH-positive
oligonucleotide probes for detecting specific segments of rye (Secale
cereale L.) chromosomes and new tandem repeats in rye. Crop J. 8, 1-
11. https://doi.org/10.1016/j.¢}.2019.10.003

Zhang, J., Zhang, X., Tang, H. et al. (2018) Allele-defined genome of the
autopolyploid sugarcane Saccharum spontaneum L. Nat. Genet. 50,
1565-1573.

Zhang, J., Zhou, M., Walsh, J., Zhu, L., Chen, Y. and Ming, R. (2014) Sugar-
cane genetics and genomics. In Sugarcane: Physiology, Biochemistry
and Functional Biology (Moore, H.P. and Botha, F.C., eds.). Ames, IA:
John Wiley & Sons, Inc, 623-643.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), doi: 10.1111/tpj.14881


https://doi.org/10.1038/s41467-018-05051-5
https://doi.org/10.1007/s00122-019-03450-w
https://doi.org/10.1007/s00122-019-03450-w
http://issct.org
https://doi.org/10.1038/s41467-019-12646-z
https://doi.org/10.1016/j.cj.2019.10.003

