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Abstract

Sugarcane is the main source of the world’s sugar and is becoming increasingly important as a source of biofuel. The 
highly polyploid and heterozygous nature of the sugarcane genome has meant that characterization of the genome 
has lagged behind that of other important crops. Here we developed a method using a combination of quantitative 
PCR with a transposable marker system to score the relative number of alleles with a transposable element (TE) pre-
sent at a particular locus. We screened two genera closely related to Saccharum (Miscanthus and Erianthus), wild 
Saccharum, traditional cultivars, and 127 modern cultivars from Brazilian and Australian breeding programmes. We 
showed how this method could be used in various ways. First, we showed that the method could be extended to be 
used as part of a genotyping system. Secondly, the history of insertion and timing of the three TEs examined supports 
our current understanding of the evolution of the Saccharum complex. Thirdly, all three TEs were found in only one of 
the two main lineages leading to the modern sugarcane cultivars and are therefore the first TEs identified that could 
potentially be used as markers for Saccharum spontaneum.

Key words:   Marker, polyploid, real-time PCR, retrotransposon-based insertion polymorphism, sugarcane, transposable 
element.

Introduction

The search for biofuels, i.e. fuels produced from renewable 
biofeedstocks or biomass, has been driven by concerns about 
rising prices, limited supplies of petroleum, and the effect of 
greenhouse gases (Hill et al., 2006; Zinoviev et al., 2010). The 
world’s principal biofuel is bioethanol fermented from sugars 
(sucrose and starch). The USA and Brazil together account 
for more than 87% of the world’s bioethanol production; in 

the USA, bioethanol is derived from fermentation of corn 
grain starch, while in Brazil it is derived from sugarcane juice 
and molasses (Botha and Moore, 2014). Bioethanol is a first-
generation biofuel, i.e. a fuel produced from plant energy 
storage molecules such as sugars, starch, and lipids (Chong 
and O’Shea, 2012). Concerns that using food crops as bio-
fuels could drive up food costs, as well as high production 
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and processing costs, have led to interest in second-genera-
tion biofuels (Sims et al., 2010). These are derived from lig-
nocellulose or fibre, i.e. waste material from food production, 
agricultural residues, or dedicated cellulosic crops (Chong 
and O’Shea, 2012). It has been suggested that, in order to 
meet demand, second-generation biofuels cannot rely solely 
on production from waste, and that it is necessary to develop 
dedicated cellulosic crop, which can be grown on substand-
ard soil (Chong and O’Shea, 2012). Sugarcane as a dedicated 
cellulosic crop was first described by Alexander (1985) and 
was termed ‘energy cane’. Energy cane can be defined as a 
sugarcane variety bred for higher fibre levels than traditional 
sugarcane varieties, which have been bred for high sucrose 
content and some fibre (Matsuoka et al., 2014).

Modern sugarcane cultivars are highly polyploid or ane-
uploid hybrids derived from interspecific hybridization 
between Saccharum officinarum and Saccharum spontaneum, 
a wild sugarcane (Moore et al., 2014) (Fig. 1). S. officinar-
ium and S. spontaneum have contrasting attributes in terms 
of sucrose and fibre content: S. officinarium has high sucrose 
and low fibre content, while S. spontaneum has low sucrose 
and high fibre content (Moore et al., 2014). Hybrids between 
S.  officinarum and S.  spontaneum show 2n+n transmission, 
where 2n is the entire genome of S.  officinarum. This phe-
nomena remains true in the first backcross between the 
2n+n F1 and the female S. officinarum, but generally breaks 
down in subsequent backcrosses (Bremer, 1961; Piperidis 
et al., 2010). Early breeders used this phenomenon to intro-
duce vigour and resistance genes from S. spontaneum, while 
quickly recovering the high sugar content of S. officinarum 
(Roach, 1972). The modern sugarcane cultivar has chromo-
some numbers ranging from 100 to 120, 70–80% of which are 
from S. officinarum, 10–23% from S. spontaneum, and a small 

portion being recombinants (D’Hont, 2005; Piperidis et al., 
2010). The number of alleles most likely varies from 8 to 14 
(Aitken et al., 2014b). For almost all cultivars the genome size 
is unknown; the modern R570 cultivar has a genome size of 
~10 Gb (D’Hont and Glaszmann, 2001). Current molecular 
evidence suggests that S. officinarum itself  is derived from the 
wild sugarcane, Saccharum robustum (Lu et al., 1994; D’Hont 
et al., 1998). The older traditional cultivars Saccharum barberi 
(North India) and Saccharum sinense (China) are thought to 
be natural hybrids (D’Hont et al., 2002).

Today, there are a number of breeding programmes 
attempting to breed energy cane (Chong and O’Shea 2012). 
Traditional breeding programmes, i.e. programmes breeding 
for high-sucrose cultivars, use crosses between commercial 
or near-commercial cultivars (Matsuoka et al., 2014), which 
have been shown to be genetically very similar (Dal-Bianco 
et al., 2012). The development of a new cultivar is also time 
and resource intensive: it takes at least 250 000 seedlings and 
12–15  years to create a commercially viable cultivar in tra-
ditional breeding programmes (Hotta et  al., 2010; Zhang 
et al., 2014). To broaden the genetic basis of sugarcane and 
develop an energy cane with higher biomass, several breeding 
programmes are including ancestral genotypes, i.e. S. sponta-
neum and S. robustum, in crosses (Wang et al., 2008; van der 
Weijde et al., 2013; Santchurn et al., 2014). In order to speed 
up selection of yield and desirable traits, research must con-
tinue to decipher the complex sugarcane and develop makers 
for marker-assisted selection (Waclawovsky et al., 2010).

The use of new technologies for genome-assisted selection 
and genetic improvement has lagged behind in sugarcane 
due to the polyploid and heterozygous nature of its genome. 
Several initiatives have recently been published, which took 
advantage of the high throughput and reduced cost of new 
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Fig. 1.  Evolutionary history of Saccharum species modified from Grivet et al. (2006). Solid and dashed lines with arrows indicate hybridization events and 
minor contributions to modern sugarcane cultivars, respectively. Grey ovals show whole genome duplication events. 2n refers to chromosome numbers 
from Grivet et al. (2006). Red arrows show the timing of insertion of the scIvana element. The numbers in brackets after the scIvana element indicates 
the estimated age of the insertion of the element (mya, million years ago). Outline of the box and box colour indicate type of sugarcane and number of 
scIvana elements identified, respectively; dashed outline, wild species; solid outline, domesticated species; white, no scIvana element found;  pale grey 
scIvana 1.4 only found; grey, scIvana 1.4 and 1.2 found; dark grey all 3 scIvana elements found.The number in brackets after the species name indicates 
the number of samples examined. (This figure is available in colour at JXB online.)
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sequencing strategies to improve our knowledge of sugarcane 
genomics (Garcia et al., 2013; Berkman et al., 2014; Cardoso-
Silva et al., 2014; de Setta et al., 2014; Grativol et al., 2014; 
Nishiyama et al., 2014). Next-generation sequencing of sug-
arcane cultivars and wild Saccharum species has provided 
information regarding repetitive content and allelic varia-
tion (Berkman et  al., 2014), a bacterial artificial chromo-
some (BAC)-based sequencing of 3.7% of the monoploid 
genome established the framework for genomic annotation 
and for evolutionary studies with closely related Poaceae 
species (de Setta et al., 2014). Grativol et al. (2014) revealed 
the methylation landscape of the sugarcane genome using a 
methylfiltration sequencing approach. Transcript assemblies 
from contrasting sugarcane varieties and full-length cDNA 
sequences have provided complimentary information on gene 
expression profiles, and have resulted in an improved under-
standing of gene structure and the regulatory environment 
(Cardoso-Silva et al., 2014; Nishiyama et al., 2014).

The complexity of the sugarcane genome makes the use of 
molecular markers very difficult. The use of simplex makers 
(markers that segregate 1:1 in progeny from a biparental cross 
or 3:1 in selfed progeny; D’Hont et al., 2010) was first described 
by Ritter et al. (1990) and refined by Wu et al. (1992) for poly-
ploids. In the last few decades, there has been a great deal of 
progress in using simplex markers for diversity analysis, analy-
sis of genetic relationships, genetic linkage mapping, mapping 
of simply inherited traits and complex traits, and association 
mapping (reviewed by Henry and Kole, 2010). Markers used 
include restriction fragment length polymorphisms (Ming 
et  al., 2001, 2002), randomly amplified polymorphic DNA 
(Nair et al., 1999), microstatellites, and simple sequence repeats 
(Cordeiro et al., 2003; Pinto et al., 2004), amplified fragment 
length polymorphisms (Aitken et al., 2006), and target region 
amplification polymorphisms (Devarumath et al., 2013). These 
marker systems have been used to create genetic linkage maps 
(Aitken et al., 2005, 2014b), identify quantitative trait loci asso-
ciated with disease resistance, sugar content, and stalk attrib-
utes (reviewed by Pastina et  al., 2010), identify relationships 
within Saccharum species (Nair et  al., 1999), assess genetic 
diversity within Saccharum species (Aitken et al., 2006; Alwala 
et al., 2006; Arro et al., 2006), and carry out molecular geno-
typing of cultivars (Pan et al., 2007; Parida et al., 2009).

Here, we describe the development of a marker system that 
can estimate the dosage of a particular marker. This system is 
based on TaqMan quantitative PCR (qPCR) combined with 
retrotransposon-based insertion polymorphism (RBIP). RBIP 
is a PCR marker system that identifies the insertion of a type 
of transposable element (TE), long terminal repeat retrotrans-
posons (LTR-RTs), which, as their name suggests, have flank-
ing terminal repeats (Wicker et al., 2007). We chose the RBIP 
system because LTR-RTs are ubiquitous and usually present 
in high copy numbers; they are widely dispersed throughout 
the genome and show insertional polymorphism within and 
between plant species (Kumar and Hirochika, 2001). LTR-
RTs create a target site duplication (TSD), a short direct repeat 
that is generated on both flanks of a TE upon insertion. TSD 
length, but not sequence, is characteristic of a particular TE 
superfamily. The TSD plus flanking sequence can therefore be 
used to identify individual TE insertions. Because of their mode 

of replication, most insertions are irreversible, so they can be 
used to determine parental lineage or introgression. Finally, it 
is possible to date the time of insertion of a single LTR-RT ele-
ment by the nucleotide divergence of its LTRs (Ma et al., 2004). 
This allows us to examine the evolutionary history of individual 
LTR-RTs or the timing of divergence of taxa, based on the tim-
ing of the appearance of elements in a taxon.

Seven LTR-RT families have been described previously in 
sugarcane (Domingues et  al., 2012). We chose to examine 
three scIvana elements because unpublished results using the 
PCR-based RBIP strategy suggested that scIvana insertions 
are highly polymorphic among sugarcane cultivars/species 
and that the number of alleles at a single locus with the scI-
vana present is highly variable (Domingues, 2009). ScIvana 
elements are 5–5.9 kb in total length, with LTRs of about 
240–450 bp, and are present in low copy number (Domingues 
et al., 2012). Here, we combined qPCR with RBIP to estimate 
the ratio of alleles with the scIvana present at three loci (three 
different insertions of a scIvana element). Because of the 
complex polyploid nature of the sugarcane genome, the num-
ber of alleles and genome size for most clones and species is 
unknown. We therefore used a relative quantitative method 
using the relative cycle threshold (Ct) values of the two reac-
tions, one designed to detect the presence of the element and 
the other designed to detect the absence of the element, at a 
particular locus, to estimate the ratio of the number of alleles 
with the scIvana present.

A dosage marker system could be used like any other maker, 
i.e. as a molecular genotyping system, to estimate genetic 
diversity or as a marker associated with a trait. Features of 
LTR-RTs also allow us to trace the appearance of elements 
and the evolutionary history of taxa, as described above. The 
use of qPCR rather than PCR enabled us to estimate the rela-
tive dosage of alleles with the element present. Using qPCR 
to estimate relative allele dosage could be extended to other 
genomic elements such as genes of interest. We first showed 
that the qPCR-RBIP system was replicable. We were unable 
to link the ratio of the number of alleles with the scIvana 
present to any particular trait but did demonstrate that the 
system could be used as part of a cultivar genotyping system. 
We then used the qPCR-RBIP strategy to examine the evolu-
tionary history of three scIvana elements in Saccharum and 
two closely related genera, Erianthus and Miscanthus. We also 
showed that the method can be used as a potential marker to 
differentiate S. spontaneum and S. officinarum, the ancestral 
genotypes that are currently in use in several sugarcane breed-
ing programmes for the selection of energy canes (Wang et al., 
2008; van der Weijde et al., 2013; Santchurn et al., 2014).

Materials and methods

Samples and genomic DNA extraction

A list of a cultivars and species used and their parents, provenance, 
and traits, where known, is given in Supplementary Table S1 (avail-
able at JXB online).

Nine species from the two genera closely related to Saccharum 
were examined, five Miscanthus and four Erianthus species. Of the 
wild Saccharum and traditional cultivars, 10 S.  robustum, seven 
S. spontaneum, three S. edule, 11 S.officinarium, one S. barberi and 
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one S. sinese were examined. The following clones important to sug-
arcane breeding programmes were examined, EK28, NA56-79, Nco-
310, POJ2878, R570, and TUC71-7, as well as two CP clones (Canal 
Point, USA), two Co clones (Coimbatore, India), and four CB 
clones (Brazil). Clones starting with the two- or three-letter identifi-
cation codes IAC (Agronomical Institute of Campinas), SP (Centro 
de Technologia Canaveira), and RB [Rede Interuniversitária para o 
Desenvolvimento do Setor Sucroalcooleiro (RIDESA)] are modern 
Brazilian cultivars. Nine IAC, 22 SP, and 42 RB cultivars were exam-
ined. Twenty-six modern Australian cultivars were also examined. 
These are the cultivars with the codes Q (Sugar Research Australia) 
and the older cultivars Tellus, Triton, Trojan, and Mida, clones from 
an old Australian breeding programme that is no longer running.

Genomic DNA was extracted from sugarcane meristems follow-
ing the CTAB protocol of Aljanabi et al. (1999) or that of CIMMYT 
(2005). All samples were quantified using a NanoDrop Spectrometer 
(Thermo Scientific). If  the absorbance reading indicated contamina-
tion, the samples were further purified using a DNeasy Plant Mini 
kit (Qiagen).

Loci examined
Three loci were examined. These were named after the BAC in 
which the scIvana1 TE was identified. The BACs were derived 
from the R570 cultivar and are available in the GenBank reposi-
tory [GenBank accession numbers KF184657–KF184973 at http://
www.ncbi.nlm.nih.gov/genbank]. Two of the three TEs have been 
identified previously and classified (Domingues et  al., 2012): scI-
vana1.2 from BAC SCHRBa_044_D02 and scIvana1.1 from BAC 
SCHRBa_011_K15. The TE from the third BAC, SCHRBa_015_
O15, was named scIvana1.4.

qPCR
Two sets of primers and probes were designed for each locus using 
the Integrated DNA Technologies website (http://www.idtdna.
com/site), one set for the loci with the TE present, and one for the 
loci with no TE (Fig. 2). Primer and probe sequences are shown in 
Supplementary Table S2 (available at JXB online).

qPCRs were carried out in either an Applied Biosystems 7300 
Real-Time System (96 -well plates) or an Applied Biosystems 
ABI ViiA 7 Real-Time System (384-well plates) in 15 µl reactions 
using the TaqMan Universal PCR Master Mix or the Taqman 
Gene Expression Master Mix (Applied Biosystems). The following 
cycling conditions were used: 50 °C for 2 min, required for optimal 
AmpErase UNG enzyme activity, 95 °C for 10 min to activate the 
AmpliTaq Gold DNA polymerase, followed by 40 cycles of 95 °C for 
15 s and 60 °C for 1 min. The genomic DNA template was at a final 
concentration of approximately 0.13 ng µl–1 with five replicates for 
each reaction. The same actual dilution of the genomic DNA was 
used for each set of qPCRs, i.e. for both the presence and absence of 
the TE. Primer and probe concentrations were optimized according 
to the Applied Biosystems TaqMan Universal Master Mix manual.

The efficiency of individual PCRs was analysed using LinRegPCR 
(v.2014.4) (Ramakers et  al., 2003), which determines the slope of 
the exponential portion of the amplification curve of the cycle ver-
sus log fluorescence. Reactions with efficiencies of <90% or >110% 
were removed; if  there were less than three reactions with appropri-
ate efficiencies, the qPCR was repeated. If  the Ct values for a set of 
three replicates differed by more than 0.5 (Nolan et al., 2006), and 
the total of the differences in replicates for Ct values for both pres-
ence and absence was >0.75, the reactions were repeated. To test for 
consistency across plates, each plate included a set of reactions from 
a prior assay.

Average efficiency was the average efficiency for all reactions, i.e. 
in both the presence and absence of the TE. The ratio of the number 
of alleles with the TE present versus the number of alleles with the 
TE absent was determined by the following equation (http://www.
bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_5279.pdf):

	

Ratio absence presence

average efficiency Average t absent

: =
( C ))−( )Average t presentC

	

This was then transformed into a total out of 10. For reactions 
where one reaction, either for the presence or absence of the scIvana 
element, failed to amplify for all five replicates but the converse reac-
tion did amplify, the amplifying reaction was scored as 10. For sam-
ples where both sets of reactions failed, the genomic DNA template 
was tested by standard PCR with SSCIR36 microsatellite primers 
(Aitken et al., 2005). Microsoft Excel (2013) was used to analyse the 
data from the ABI software and LinRegPCR (v.2014.4).

Synteny analysis, three-dimensional (3D) scatterplots, 
phylogenetic analysis, and estimating the age of insertion of 
scIvana elements
To find regions syntenic to the three R570 BACs (SCHRBa_011_
K15, SCHRBa_015_O15, and SCHRBa_044_D02), the BACs were 
masked and then screened against three grass genomes. The latest 
version of the Sorghum bicolor (v.2.1), Zea mays (v.6a), and Oryza 
sativa (v.7.0) genomes were downloaded from the JGI Phytozome 
v.10 site (http://phytozome.jgi.doe.gov/pz/portal.html) The masked 
R570 BAC sequences were queried against these genomes by BlastN 
from the Blast+ 2.2.29 package. Grass genomic regions were selected 
based on the highest score and >70% query BAC coverage. The gene 
and RepeatMasker TE annotation GFFs were retrieved and refor-
matted as GenBank files using Readseq v.2.1.30. Manual correc-
tions were made to GenBank file tags and field names so that they 
were readable by Mauve. The chromosome region were submitted 
to the Mauve 2.3.1 (Darling et al., 2010) progressive Mauve aligner 
and loaded into the GUI visualization Mauve program. Genes were 
then identified in the BACs and S. bicolor, Z. mays, and O. sativa 
and also 100 kb upstream and downstream of the BACs in the syn-
tenic regions in the three grass genomes. Genes were then queried in 
the Phytozome v.10 database for functional annotation, i.e. entries 
in the Panther, PFAM, and KEGG databases as at November 2014 
(Kanehisa and Goto, 2000; Punta et al., 2012; Mi et al., 2013).

3D scatterplots were plotted using the package R (v.3.1.1) (http://
www.r-project.org/) and the libraries rgl (v.0.94.1143) (http://cran.r-
project.org/web/packages/rgl/index.html) and extrafont (v.0.16) 
(http://cran.r-project.org/web/packages/extrafont/index.html). 
A  clustering dendrogram for all S.  officinarium samples and cul-
tivars was constructed using the package NTSYS-PC (v.2.20N) 
(Rohlf, 1997). A  genetic distance matrix was calculated using the 
Nei–Li coefficient (Nei and Li, 1979). Cluster analysis based on 
the distance matrix was then carried out using the unweighted pair 
group method with arithmetic mean (UPGMA) in the SAHN sub-
program of NTSYS-PC (Rohlf, 1997).

The date of insertion was calculated using 5′ and 3′ LTR diver-
gence (Kimura two-parameter method) as implemented by MEGA5 
(Tamura et  al., 2011), with the molecular clock equation T=k/2r, 
where T is the date of insertion, k is the divergence between LTR 
sequences, and r is the evolutionary rate, using the rate of 1.3 10–8 
substitutions per site per year, as described by Ma et al. (2004).

Results and discussion

Our understanding of sugarcane genetics has lagged behind 
that of other members of the Poaceae family such as wheat, 
rice, barley, and sorghum, mainly due to the hybrid nature, 
size, and polyploidization of the genome. Here, we used 
qPCR with a TE marker to create a marker system that can 
estimate the relative dosage of the insertion of a particular 
TE. We used this system to examine the evolutionary history 
of the Saccharum species complex and related genera, and 
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showed that it can be used as a general marker, in particular, 
as a part of a genotyping system, or as a marker to distinguish 
the ancestral genomes of the modern sugarcane cultivar.

qPCR-RBIP method

We examined the relative insertion of a TE, detected by 
RBIP, a PCR-based marker strategy using a three-primer set 
derived from the flanking region and the LTR of the LTR-RT 
TE (Fig. 2). We chose to develop a relative method because 
almost always, for a particular species or cultivar, the exact 
genome size and total number of alleles at a given locus is 
unknown. We showed that the method was reproducible 
across plates, machines, template concentrations, and primer 
concentrations. The method depends on comparing the Ct 
values for two sets of reactions, one for the presence of the 

TE and one for its absence. The following criteria were used: 
for each set of reactions, there were at least three replicates 
with efficiencies between 90 and 110% and Ct values within 
0.5. In addition, the total of the differences in replicates for Ct 
values for both presence and absence was <0.75.

In order to compare results across plates, for each plate a 
set of reactions from a prior assay was re-run. Cultivars were 
examined both in Brazil, on an Applied Biosystems 7300 Real-
Time PCR system, and in Australia, on Applied Biosystems 
ViiA 7 Real-Time PCR system. On the Applied Biosystems 
ViiA 7-Real-Time PCR system in Australia, all primers were 
used at a final concentrations of 500 nM, while in Brazil on 
the 7300 Real-Time PCR system, for loci SCHRBa_044_D02 
(scIvana 1.2) andSCHRBa_011_K15 (scIvana 1.1), primer 
concentrations were optimized at different final concentra-
tions (Supplementary Table S2). To check that results were 

a

scIvana
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forward 
primer 1

forward 
primer 2

reverse 
primer 

probe 1 

reverse 
primer 

forward 
primer 1

probe 2

b

flanking sequence 

Extract genomic DNA and dilute to approximately 5ng/ul.

Perform qPCR using 2 sets of primers (see Fig 2B) using same gDNA 
dilution as template. 5 replicates for each set of primers. Each plate 
should include a set of reactions from a previous plate as a positive 
control.

Extract genomic DNA

qPCR

Check qPCR efficiency and range Ct levels

Calculate ratio presence/absence

A.

B.

Check efficiency of qPCR reaction using LinRegPCR and the range of Ct levels 
for each set of reactions.

For each set of primers:
there needs to be at least 3 replicates with efficiencies <110% and > 90%.
the Ct  values of the 3 or more replicates should differ less than 0.5

For both sets of primers:
the total difference in Ct values for each set of primers should be less than 0.75

ratio absence: presence = Average efficiency (AverageCtAbsent)-(AverageCtPresent).

 
where average efficiency = average of efficieny of all reactions, i.e. all replicates 
for both sets of qPCRs.

Fig. 2.  qPCR-RBIP. (A) Flow chart of the method used. (B) Schematic of the two qPCRs. Black arrows show the location of the primers, and triangles 
are the LTRs of the scIvana elements, depicted in grey. Flanking regions are shown as a dark grey line. Fluorescent probes used for qPCR are shown as 
curved arrows. When the scIvana element is present at the locus, forward primer 2 and the reverse primer are able to amplify the occupied site, while 
forward primer 1 and the reverse primer will not amplify because the resulting product would be too long to amplify under the PCR conditions chosen. 
When the scIvana element is absent at the locus, forward primer 1 and the reverse primer are able to amplify the non-occupied site because the ~5 kb 
scIvana is not present. (This figure is available in colour at JXB online.)
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comparable across machines, four cultivars were tested for 
all three loci on both machines. For loci SCHRBa_044_D02 
(scIvana 1.2) and SCHRBa_011_K15 (scIvana 1.1), they 
were tested at both primer concentrations. We also tested that 
all valid reactions, i.e. with resulting efficiencies within the 
parameters set, that were run on the Applied Biosystems 7300 
Real-Time PCR system in Brazil using a final primer concen-
tration of 500 nM were comparable to reactions run using the 
optimized primer concentration. The same Ct threshold set-
ting was used for all plates for a particular locus, i.e. the Ct 
threshold was not set individually for each cultivar or species. 
We checked that results using Ct thresholds set at 0.5, 1.0, and 
1.5, within the exponential phase of the amplification plot for 
all cultivars, were also comparable. Finally, we also compared 
a 10-fold difference in genomic DNA template final concen-
tration (Table 1 and Supplementary Fig. S1, available at JXB 
online). Estimates of the ratio of alleles with the element to 
alleles without the element were transformed into a total of 10. 
All values shown in Table 1 and Supplementary Fig. S1 are for 
the presence of the element, as a ratio out of 10. Differences 
between replicates across plates were 0.00 (min)–0.78 (max), 
threshold settings were 0.02–0.27, template concentrations 
were 0.10–0.81, and primer concentrations were 0.01–0.99. 
The greatest difference between replicates was across real-time 
PCR systems, being 0.07–1.31. A representative from Applied 
Biosystems suggested that this may be because the instru-
ments have differences in their configurations, such as the 
optical system, light source (LED, halogen lamp), the block 
ramp rate, etc. (personal communication). Samples from 
Miscanthus, Erianthus, S. robustum, S. spontaneum, S. edule, 
most of S. officinarium, and all the Australian cultivars were 
run on the Applied Biosystems ViiA 7-Real-Time PCR sys-
tem. All the Brazilian cultivars and three S. officinarium clones 

were run on the Applied Biosystems 7300 Real-Time PCR 
system (Supplementary Table S1). We did not normalize the 
results for two reasons: first, only scIvana 1.2 loci showed a 
higher difference compared with differences in replicates from 
other tests, and secondly, the greatest differences were actually 
found within the Brazilian cultivars (see next section).

Using scIvana elements as markers

Modern sugarcane cultivars are aneuploid hybrids between 
S. spontaneum, a wild sugarcane, and S. officinarum, a tradi-
tional cultivar (Moore et al., 2014). They are genetically similar, 
and in energy cane breeding programmes, both S. spontaneum 
and S. robustum, the progenitor of S. officinarum, are being 
used to broaden the genetic base and introduce traits of inter-
est (Wang et al., 2008; van der Weijde et al., 2013; Santchurn 
et al., 2014). S. spontaneum and two S. robustum were the only 
samples where none of the three scIvana elements were found 
at those genomic locations (Table 2). These are therefore the 
first TEs identified that could potentially be used as markers 
for S. spontaneum. Fluorescence in situ hybridization patterns 
for the sugarcane TEs, scMaximus and scDEL, do not sug-
gest that they are specific to either S.  spontaneum or other 
sugarcane species. A third element, scAle, could also poten-
tially be used as a S. spontaneum specific marker, as it shows 
a clustering pattern and is not found on some chromosomes 
or chromosome arms of a modern cultivar (Domingues et al., 
2012). Similarly, because in S.  robustum and S.  edule, only 
scIvana1.4 is found, it could be used as a marker for these two 
species (Table 2). These results suggest that, combined with 
other markers, such as other TEs or other scIvana elements, 
scIvana elements could be used as markers for particular sug-
arcane species or groups.

Table 1.  Tests of reproducibility

Test Locia TEb Number of samples Difference between replicatesc

Maximum Minimum Mean

Across platesd SCHRBa_011_K15 scIvana 1.1 22 0.67 0.05 0.29
SCHRBa_015_O15 scIvana 1.4 21 0.66 0.00 0.21
SCHRBa_044_D02 scIvana 1.2 17 0.78 0.02 0.28

Across Real-Time PCR systemse SCHRBa_011_K15 scIvana 1.1 4 0.50 0.07 0.28
SCHRBa_015_O15 scIvana 1.4 4 0.85 0.34 0.55
SCHRBa_044_D02 scIvana 1.2 4 1.31 0.44 0.82

Template concentrationf SCHRBa_044_D02 scIvana 1.2 8 0.81 0.10 0.37
Primer concentrationg SCHRBa_015_O15 scIvana 1.4 48 0.97 0.02 0.38

SCHRBa_044_D02 scIvana 1.2 42 0.99 0.01 0.46
Threshold settingh SCHRBa_011_K15 scIvana 1.1 8 0.17 0.05 0.11

SCHRBa_015_O15 scIvana 1.4 9 0.27 0.02 0.09
SCHRBa_044_D02 scIvana 1.2 8 0.23 0.06 0.13

a The BAC number in which in the scIvana element was identified (de Setta et al., 2014).
b Name of the TE. scIvana 1.1 and 1.2 have been described previously (Domingues et al., 2012).
c All results are estimates of the ratio of alleles with the element to alleles without the element and were transformed into a total of 10. Only the 

figure for the presence of the allele is shown.
d Master mixes were set up separately and run on two separate plates.
e Reactions were run on either the Applied Biosystems 7300 or Applied Biosystems ViiA 7 Real-Time PCR systems.
f Genomic DNA was added at a final concentration of 0.13 or 1.3 ng μl–1.
g Primers were added at a final concentration of 500 nm and optimized. For optimized primer concentrations, see Supplementary Table S2.
h Threshold settings were set at 0.5, 1.0, and 1.5.
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Since none of the three scIvana elements were found in 
S.  spontaneum, all scIvana 1.4 elements found in cultivars 
must have come from S.  robustum via S.  officinarum. The 
number of alleles in S. robustum with scIvana 1.4 present was 
highly variable (Fig. 1 and Table 2). Similarly, there was high 
variation in the number of alleles with scIavana1.2 and 1.1 
present in S.  officinarum (Fig.  1 and Table  2). In cultivars, 
70–80% of the chromosomes are from S. officinarum, 10–23% 
from S.  spontaneum, and a small portion are recombinants 
(D’Hont, 2005; Piperidis et  al., 2010). The high variation 
found in the cultivars is therefore probably a result of the high 
variation already found in S. robustum and S. officinarum. In 
some cultivars, there is a putative complete loss of an ele-
ment; for example, in SP79-6134, there is no allele with the 
scIvana1.4 element present. For the S.  officinarum samples 
we examined, all three elements were present at ratios rang-
ing from 1.2 to 7.8 (Table 2). Possible reasons for the com-
plete loss of elements in some cultivars are: (i) the parental 
S. officinarum cultivar was not included in our samples; (ii) 
the element was not present in the S.  officinarum chromo-
somes inherited by the cultivar; and (iii) recombination with 
S.  spontaneum chromosomes has resulted in the loss of the 
element from a chromosome.

We tested whether we could distinguish individual S. offici-
narum and cultivars. We included replicates across plates in 
the Nei–Li coefficient genetic distance matrix and resulting 
UPGMA dendrogram (indicated by stars in Fig. 3). The high-
est genetic distance between replicates was 0.0020 for 87S9021 
(data not shown). The bootstrap values for the UPGMA were 
very low (<70%), so we were unable to use the UPGMA tree 
to distinguish the cultivars examined. These results suggested, 
however, that, combined with other scIvana elements or other 
TEs, the qPCR-RBIP method could be used to create a ‘TE 
profile’ of a cultivar.

Searching for associated traits of interest

We examined cultivars from several breeding programmes. 
A one- or two-letter code denotes which breeding programme 
the cultivar comes from. Cultivars with the two-letter code 

RB are from Rede Interuniversitária para o Desenvolvimento 
do Setor Sucroalcooleiro (RIDESA), a consortium of 
Brazilian Universities; those with the code F are from a sin-
gle cross from RIDESA; those with the code SP are from 
Centro de Technologia Canaveira (CTC), the research arm 
of Copersucar, a Brazilian commercial company; and those 
with the code Q are from Sugar Research Australia (SRA). 
A  3D scatterplot of these cultivars showed that the RB 
cultivars tended to cluster apart from cultivars from other 
breeding programmes (Fig.  4). The Q canes and SP series 
were divided approximately equally between the two groups, 
while the F series fell into the first group away from the RB 
cultivars (Fig. 4). We examined whether, based on the infor-
mation we had, the two groups could be distinguished by a 
particular trait or group of traits. In both groups, a similar 
percentage of cultivars fell into the main category for each 
trait, for example, 75% of group 1 and 73% of group 2 had 
average fibre content (Supplementary Table S4, available at 
JXB online). We then examined the parentage of each group. 
For each non-unique parent, we calculated what percentage 
of each group had the same parent. For group 1, every cul-
tivar had unique parents, or shared a parent with only one 
other cultivar. For group 2, 44% had SP71-1088 as a parent 
(Supplementary Table S1). This suggested that the groupings 
seen in Figs 3 and 4 were the result of closely related crosses. 
Moreover, the genetic diversity in sugarcane breeding pro-
grammes for these loci was low.

Based on published reports of cultivar traits, we were 
unable to find a particular trait or groups of traits associated 
with the scIvana elements examined. We therefore extended 
our search for traits by identifying regions syntenic to and 
100 kb 5′ and 3′ to the BACs in three other grass genomes. 
Sorghum bicolor (v.2.1) and Z.  mays (v.6a) are the closest 
fully sequenced genomes to Saccharum. Oryza sativa (v.7.0) 
was also chosen because it is the best annotated of the grass 
genomes and has been used previously in synteny analyses 
with sugarcane (D’Hont et  al., 2010; Aitken et  al., 2014a). 
Coding regions were then queried against the Phytozome 
v.10 database for functional annotation (Supplementary 
Table S3, available at JXB online). Syntenic regions to the 

Table 2.  Proportion of alleles with the TE present in sugarcane and closely related genera

Species No. of samples Transposable elementa/time of insertionb

scIvana1.4 (0.65 mya) scIvana1.1 (0.3 mya) scIvana1.2 (0 mya)

Erianthus 5 – – –
Miscanthus 5 – – –
S. spontaneum 7 0d 0 0
S. robustum 10 0.0–7.4 0 0
S. edule 3 2.3–8.5 0 0
S. barberi 1 1.4 0.4 0
S. sinense 1 7.9 2.9 4.4
S. officinarium 11 1.2–7.3 1.9–7.8 2.3–5.9
Cultivars 127 0.6–8.9 0.0–7.6 0.6–8.9

a Name of the TE. scIvana1.1 and 1.2 have been described previously (Domingues et al., 2012); scIvana1.4 was named in this paper.
b Estimated time of insertion of TE based on 5′ and 3′ LTR divergence (Ma et al., 2004). –, No amplification for presence or absence of TE; 0, 

amplification for absence of the TE only; other numbers or ranges indicate the minimum and maximum value for the number of alleles with the 
element present (as a ratio to the absence, out of 10).
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BAC SCHRBa_015_O15 in the three grass genomes could 
not be identified with any confidence. The regions identified 
by the Mauve program (Darling et al., 2010) contained cod-
ing regions in putatively syntenic regions to other genomes 
that were not listed as protein homologues in the Phytozome 
database. For BACs SCHRBa_011_K15 (scIvana1.1) and 
SCHRBa_044_D02 (scIvana1.2), a 3–4 kb region around the 
element is illustrated in Fig. 5. Supplementary Table S3 lists 
in more detail the locus, location, and functional annotation 
from the Panther, PFAM, and KEGG databases (Kanehisa 
and Goto, 2000; Punta et al., 2012; Mi et al., 2013) for each 
coding region identified in the BACs and 100 kb 5′ and 3′ to 
the BACs in the three grass genomes.

BAC SCHRBa_011_K15 was located to S.  bicolor chro-
mosome 8, O. sativa chromosome 12, and Z. mays chromo-
some 3, while SCHRBa_044_D02 was located to S. bicolor 
chromosome 7, O. sativa chromosome 8, and Z. mays chro-
mosome 1 (Supplementary Table S3). Using the diversity 
arrays technology (DArTs) system, a genetic map of an 
Australian cultivar has been constructed in which linkage 

groups were clustered into eight homology groups, which 
represent the lowest Saccharum basic chromosome number 
(n=8) (Aitken et al., 2014a). Good collinearity was observed 
between sugarcane and sorghum for four of the eight homol-
ogy groups (HGs). Using this collinearity, we could local-
ize BAC SCHRBa_011_K15 to sugarcane HG8 and BAC 
SCHRBa_044_D02 to sugarcane HG5.

BAC SCHRBa _044_D02 is the most gene-rich BAC 
(Supplementary Table S3). Probably the coding region of 
most interest to the domestication of the grasses is the cod-
ing region Sobic.007G193500 (S.  bicolor chromosome 7, 
6137404–6133899). SQUAMOSA-PROMOTER BINDING 
PROTEIN-LIKE (SPL) proteins are a diverse family of tran-
scription factors that play fundamental roles in plant growth 
and development (Preston and Hileman, 2013). The most 
extensively characterized SPL gene in maize is the teosinte 
glume architecture 1 (tga1) gene. The key event in the domes-
tication of Z.  mays was the liberation of the kernel in the 
maize progenitor, teosinte (Dorweiler et al., 1993). This event 
is controlled by variation in the tag1 gene (Wang et al., 2005).
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Fig. 3.  UPGMA dendogram of S. officinarium samples and cultivars. Coloured circles and triangles indicate the type of sample: pink triangle, 
S. officinarum; green circle, RB series from RIDESA, Brazil; yellow circle, SP series from CTC (Centro de Technologia Canaveira), Brazil; grey circle, Q 
canes from SRA (Sugar Research Australia), Australia; blue circle, the F series, a population from RIDESA, Brazil; orange circle, all other cultivars. Across-
plate replicates are indicated by the stars.
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Evolutionary history of scIvana in sugarcane

The RBIP method is based on the insertion of LTR-RTs, 
which are usually irreversible. In addition, it is possible to 
date the time of insertion of an element. These two features 
mean that it was possible to trace the history of insertion and 
timing of the three scIvana elements. For all 10 Miscanthus 
and Erianthus species tested, there was no amplicon for either 
reaction. Templates tested by standard PCR with SSCIR36 
microsatellite primers (Aitken et al., 2005) resulted in ampli-
cons of the expected size (data not shown). This suggested 
that the loci are not present in Miscanthus or Erianthus. The 
age of insertion of the scIvana elements was consistent with 
them being found only in the Saccharum lineage. The nucleo-
tide divergence of the LTRs of LTR-RTs can be used to date 
the time of insertion of the element. The date of insertion 
was calculated using the nucleotide divergence between the 
5′ and 3′ LTRs with a rate of 1.3 × 10–8 substitutions per site 
per year, as described by Ma et al. (2004). The time of inser-
tion for the scIvana elements 1.1 and 1.4 were estimated at 
0.30 and 0.65 million years ago (mya), respectively. The LTRs 
of scIvana 1.2 are 100% identical, and the estimated time of 
divergence is therefore 0 mya. The time of divergence between 
Saccharum and Erianthus/Miscanthus is estimated to be ~3.8–
4.6 mya (Kim et al., 2014).

In S. spontaneum, a wild Saccharum species, qPCR-RBIP 
for the absence of the all three elements resulted in an ampli-
con, while the reaction for the presence of all three elements 
resulted in no amplification. This suggested that all three 
loci were present, but that there were no scIvana elements 
present at any allele (Fig.  1, Table  2). The first element to 
appear in Saccharum was scIvana1.4, in S. robustum, the wild 
Saccharum species used in the breeding of the modern culti-
vars (Fig. 1, Table 2). This element is also found in S. edule, 
thought to be a mutant of S. robustum clones (Grivet et al., 

2006). Ten S. robustum and three S.edule clones were exam-
ined. Values for the ratio of the presence of scIavana 1.4 var-
ied widely (0–7.4 for S.  robustum and 2.3–8.5 for S.  edule). 
For two S. robustum clones, IJ76-507 and IM76-229, no scI-
vana 1.4 element was detected.

The other two scIvana elements, 1.2 and 1.1, arose in the 
lineage leading to S. officinarum (Fig. 1, Table 2), the tradi-
tional cultivar used in the breeding of the modern cultivars. 
The older traditional cultivars, S. barberi and S. sinense, are 
thought to be natural hybrids between S.  officinarum and 
S.  robustum (D’Hont et  al., 2002). Our data were limited 
for S. barberi and S.  sinense, as we examined only a single 
clone of each. All three scIvana elements were identified in 
S.  sinense, while scIvana 1.1 and 1.4 were found in S.  bar-
beri. ScIvana 1.1 and 1.4 had older insertion times compared 
with scIvana 1.2 (0 mya). All three scIvana elements were also 
found in all S. officinarum clones and all cultivars except for 
scIvana 1.1 in EK28 and scIvana 1.2 in cultivars CP74-2005, 
SP79-6134, SP79-6192, and SP89-1115.

The pattern and timing of insertion of the elements sup-
ports the current scenario for the evolution of sugarcane 
(Grivet et  al., 2006). This example demonstrates how the 
RBIP method can be used to determine the evolutionary his-
tory of individual LTR-RTs or the timing of divergence of 
taxa, based on the timing of the appearance of elements in 
a taxon.

Conclusions

Based on genome sequence and LTR-RT identification, we 
established a method using qPCR with the RBIP marker 
system (qPCR-RBIP) to estimate the ratio of alleles at a 
particular locus with a scIvana TE. Using a criteria of three 
replicates with efficiencies between 90 and 110% and a total 
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Fig. 4.  3D scatterplot for the cultivar series examined from the Australian and Brazilian breeding programmes. Green, RB series from RIDESA, Brazil; 
yellow, SP series from CTC (Centro de Technologia Canaveira); Brazil; grey, Q canes from SRA (Sugar Research Australia), Australia; blue, F series, a 
population from RIDESA, Brazil. The RB series formed a distinct cluster apart from the other cultivars.
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of the differences in replicates for Ct values for both presence 
and absence of <0.75, we were able to establish a system that 
is reproducible across the main sources of error, for exam-
ple across plates, template concentrations, and threshold lev-
els. All three elements screened, scIvana1.1, 1.2, and 1.4, are 
specific to the S.  robustum–S.  officinarum modern cultivars 
lineage and are therefore the first TEs identified that could 
potentially be used as markers for S. spontaneum. Within the 
S. officinarum modern cultivars group, in which all three ele-
ments were found, the qPCR-RBIP method has the potential 
to be used to produce an individual ‘TE profile’ of a cultivar. 
Finally, we demonstrated how the RBIP system can be used 
to trace the timing of divergence of taxa within Saccharum 
species.

Supplementary data

Supplementary data are available at JXB online.
Supplementary Table S1. Samples examined.
Supplementary Table S2. Sequences and concentrations of 

primers and probes used.
Supplementary Table S3. Genomic neighbourhood of scI-

vana elements.
Supplementary Table S4. For each group identified by 

phylogenetic analysis (Supplementary Fig. S2), the percent-
age of cultivars from the Australian and Brazilian breeding 
programmes (RB, SP, Q canes and the F series) that fall into 
each trait scale.

Supplementary Fig. S1. Tests of reproducibility.
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scIvana1.1

scIvana1.2

Fig. 5.  Mauve visualization of the region around the scIvana elements in sugarcane BACS and other grass genomes (S. bicolor, Z. mays, and O. sativa). 
The BAC sequence and each genome are laid out in a horizontal track. Annotated coding regions are shown as white boxes and TEs as pink boxes. 
A coloured similarity plot (locally collinear blocks) is shown for each genome, the height of which is proportional to the level of sequence identity in 
that region. The same colour represents regions of highest similarity. (A) BAC SCHRBa_011_K15 (scIvana1.1); (B) SCHRBa_044_D02 (scIvana1.2). 
Orange boxes, SHCRBa_011_K15.13, Sobic.008G106700, and GRMZM2G326116, translation initiation factors; green boxes, SHCRBa_044_
D02.1, Sobic.007G192200, LOC_Os08g42040, and GRMZM2G083725, similar to lipid transfer protein-like; purple boxes, SHCRBa_044_D02.4, 
Sobic.007G192100, LOC_Os08g42050, and GRMZM2G083551), similar to coated vesicle membrane protein-like; bright pink boxes, SHCRBa_044_
D02.7, Sobic.007G192000, LOC_Os08g42080, and GRMZM2G083538, ACT domain repeats.
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Supplementary Fig. S2. UPGMA dendogram of the cul-
tivar series examined from Australia and Brazilian breeding 
programmes.
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