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Abstract

Background: Sugarcane is the source of sugar in all tropical and subtropical countries and is becoming
increasingly important for bio-based fuels. However, its large (10 Gb), polyploid, complex genome has hindered
genome based breeding efforts. Here we release the largest and most diverse set of sugarcane genome sequences
to date, as part of an on-going initiative to provide a sugarcane genomic information resource, with the ultimate
goal of producing a gold standard genome.

Results: Three hundred and seventeen chiefly euchromatic BACs were sequenced. A reference set of one thousand four
hundred manually-annotated protein-coding genes was generated. A small RNA collection and a RNA-seq library were
used to explore expression patterns and the sRNA landscape. In the sucrose and starch metabolism pathway, 16
non-redundant enzyme-encoding genes were identified. One of the sucrose pathway genes, sucrose-6-phosphate
phosphohydrolase, is duplicated in sugarcane and sorghum, but not in rice and maize. A diversity analysis of the s6pp
duplication region revealed haplotype-structured sequence composition. Examination of hom(e)ologous loci indicate
both sequence structural and sRNA landscape variation. A synteny analysis shows that the sugarcane genome has
expanded relative to the sorghum genome, largely due to the presence of transposable elements and uncharacterized
intergenic and intronic sequences.

Conclusion: This release of sugarcane genomic sequences will advance our understanding of sugarcane genetics and
contribute to the development of molecular tools for breeding purposes and gene discovery.
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Background
Sugarcane is an important crop worldwide, producing 80%
of the world’s raw sugar and is increasingly used for bio-
fuel [1]. A key goal in meeting growing demand is to im-
prove sugarcane yield and accelerate selection for desirable
traits. Genomics has been shown to be successful in
genome-assisted breeding programs for selecting superior
genotypes and more efficient breeding strategies.
Species of the Saccharum complex (sugarcane) are

part of the Poaceae family and together with Sorghum,
Zea and other genera comprise the Panicoidae super-
family, one of the C4 photosynthetic grass lineages
(Additional file 1: Figure S1) [2]. At the end of nine-
teenth century, early sugarcane breeders in Java and
India carried out crosses between S. officinarum and S.
spontaneum in order to introduce vigor and resistance
genes from wild S. spontaneum, while quickly recover-
ing the high sugar content of S. officinarum cultivars
[3]. Modern sugarcane cultivars are derived from those
early interspecific genotypes, followed by several cycles
of intercrossing and selection. They are polyploid aneu-
ploid hybrids with unequal contribution from S. offici-
narum (80–90%) and S. spontaneum (10–20%) parental
genomes and a small percentage of recombinant chro-
mosomes [4,5]. Sugarcane hybrids have ploidy levels of
10 or more and have a much larger total genome size
(R570 cultivar, 10,000 Mb and 2n = 115) than that of
maize (5500 Mb, 2n = 20), sorghum (1600 Mb, 2n = 20)
or rice (860 Mb, 2n = 24) reflecting the high polyploidy
level of sugarcane cultivars [6].
The sorghum genome, the closest related fully sequenced

and annotated genome to sugarcane, is widely recognized
as reference genome for comparative analysis. The origin of
modern sugarcane cultivars raises issues not only related to
the extent and nature of the divergence of the sugarcane
and sorghum genomes, but also about the relationships
(meiosis and expression dosage) among hom(e)ologous loci.
Equally importantly, deciphering the sugarcane genome is a
major goal for improving genome wide assisted selection
breeding opportunities worldwide. However, the hybrid
polyploid nature of modern cultivars imposes limitations to
breeders in understanding genotype to phenotype allelic
variation and dosage. The present study was undertaken
within the framework of a larger sequencing initiative to
generate a comprehensive dataset, providing information
on sugarcane genome structure and function as a basis for
future functional genetic studies.

Results
BAC sequencing and repeat annotation
Three hundred and seventeen sugarcane bacterial artifi-
cial chromosome (BAC) inserts of a R570 cultivar gen-
omic library [7] were sequenced. A total of 189 BACs
were selected using probes homologous to 84 previously
described expressed genes [8]. Seventy-eight BACs were
selected for using probes based on five superfamilies of
transcriptionally active transposable elements (TEs). The
remaining 50 BACs were selected in a previous study
using RFLP markers from nine sugarcane linkage groups
[7] (Additional file 2: Table S1).
In total, 36.58 million bases were sequenced with an

average of 361 bp per read, 25,000 reads per BAC, and
92 X coverage (Additional file 2: Table S1). This repre-
sents 3.7% of the monoploid complement, based on the
estimate of a 10 Gb genome size for the decaploid hy-
brid cultivar R570 [6]. Two hundred and five BACs were
assembled into one contig each and the remaining 112
BACs were assembled into an average of 3.15 contigs.
Although not all BACs were single contigs, all have a
proposed scaffold and are a single-fasta file. To date,
most of the gaps have repetitive sequences at the ends.
The minimum, maximum, median, and average sizes of
BAC assemblies were 12.25, 259.2, 115.38 and 112.34
Kb, respectively. A BLASTn search indicates that none
of the sequences were derived from chloroplast or mito-
chondrial genomes.
The repetitive content was estimated from BAC assem-

blies using the Repbase database [9] and a curated sugar-
cane Long Terminal Repeat (LTR) retrotransposon
database [10]. Fifty percent of the BAC sequences are re-
petitive, 49.4% transposable elements (TEs) and 0.43% sat-
ellite repeats (Additional file 3: Table S2 and Additional
file 4: Table S3). Of the TEs, LTR retrotransposons are the
most abundant (40.86%), followed by DNA transposons
(7.93%), and non-LTR retrotransposons. TE content of in-
dividual BACs is highly heterogeneous, varying from zero
(a ribosomal DNA BAC) to 98.7%. Miniature inverted-
repeat TEs (MITEs) represent 3% of the sequences. Of
3,663 curated MITEs, the most abundant types are Tourist
(63.8%), followed by Stowaway (27.9%), hAT (5.6%),
MULE (1.7%), unclassified (0.6%) and CACTA (0.4%). Sug-
arcane has a ratio of Gypsy-Ty3 to Copia-Ty1 elements
(1.3 to 1) more closely resembling that of maize (1.6 to 1),
than of sorghum (3.7 to 1) or rice (4.9 to 1) genomes, sug-
gesting a closer correlation with genome size rather than
with phylogeny.

Gene annotation and CDS validation
BAC assemblies masked for repetitive sequences were
analyzed by a combination of de novo gene prediction
software programs and searches against databases to
identify non-TE coding genes. For 14 BACs there were
no predicted protein-coding genes identified. A total of
1,400 coding regions were predicted and annotated. An
average of 3.8 CDSs (Coding DNA Sequences) were
found per 100 Kb, representing one protein-coding gene
per 26.12 Kb. RNA-seq data from the cultivar RB92-
5345 and the sugarcane assembled EST sequences
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(SASs) from the SUCEST (sugarcane EST) Project [8]
were used to validate CDSs. All CDSs mapped against at
least one SAS and 1,218 mapped against at least one
pair of RNA-seq reads (87% of the total). This may be
because there was no detectable expression of these
genes under the experimental conditions used, or high
sequence divergence between the two cultivars (R570
and RB92-5345) for these specific loci, and/or false posi-
tive gene annotation.
Using Blast2GO, GO (gene ontology) terms were

assigned to 1,081 of the 1,400 predicted protein-coding
sequences (77.8%). A total of 4,730 GO functional terms
were assigned to the 1,081 sequences. GO terms were
placed into three broad categories, Biological Process
1,884 (39.8%), Molecular Function 1,502 (31.7%) and
Cellular Component 1,344 (28.5%). The most abundant
terms in the Biological Process category include cellular
process and metabolic process and in the Molecular
Function category, catalytic activity and binding. In the
Cellular Component category, the most common terms
were organelle, membrane and cell (Additional file 5:
Figure S2). BLASTp searches against the NCBI nr data-
base [11] confirmed that most of the sugarcane protein se-
quences are most similar to those of sorghum (Additional
file 6: Figure S3). The top BLAST match for 908 protein
sequences was to sorghum sequences.
CDSs were broadly distributed amongst the 17 func-

tional categories described by the SUCEST Project [8]
(Additional file 7: Figure S4). Transcriptionally active
genes (as determined by SUCEST) were evaluated by a
WU-blast search using SASs as queries against the
BACs. Sixteen ½ percent of the SASs matched the
unmasked BACs, i.e. for 83.5% of the SASs there was no
match to the unmasked BACs. In the masked BACS,
there were matches for 13% of the SASs. These percent-
ages may represent an overestimation due to multiple
matches to hom(e)ologous or paralogous genes. Anno-
tated TEs were homologous to 3.5% of SASs, suggesting
that 3.5% of the transcriptome is derived from TEs. Our
present estimate is close to that of a previous estimate of
2.3% [8].

Metabolic pathway genes
Mapping of annotated CDSs and SASs using the KEGG
Mapper tool at MG-RAST [12] provided a global view
of known sugarcane metabolic pathways. The compari-
son between BAC CDSs and SASs mapping identified
genes not previously reported in the sugarcane tran-
scriptome. EC numbers were assigned to 803 predicted
enzyme-coding genes distributed amongst various meta-
bolic pathways, including those involved in carbohy-
drate, lipid and amino acid metabolism (Additional file 8:
Figure S5). Most of the predicted enzymes (594) were
identified in the SASs collection only, 122 were common
to the SAS and BAC sequences and 66 identified
by BAC sequence alone. Genes predicted from BAC
sequence alone included enzyme-coding genes from
the carotenoid, amino acid, diterpenoids and other
fatty acids biosynthesis pathways (Additional file 9:
Table S4).
Twenty-nine genes involved in sucrose and starch metab-

olism (Additional file 10: Table S5) were identified, repre-
senting 16 non-redundant genes. Figure 1 is a schematic
representation of the central carbon metabolism pathway
where phosphoglucomutase, responsible for the reversible
conversion of α-D-glucose-1P and α-D-glucose-6P, is at the
center of the diagram. These two enzymes, together with β-
D-fructose-6P, are key components in the balancing of
metabolic activity in terms of source (sucrose), sink (starch)
and growth (cell wall components). Genes encoding the en-
zymatic components of cellulose (cellulose synthase) and
sucrose synthesis (sucrose synthase and sucrose phosphate
phosphatase) were also identified.
RNA-seq data from 5-day old germinating lateral buds

of the RB92-5345 cultivar was mapped to the 16 non-
redundant enzyme-coding genes involved in sucrose and
starch metabolism. If more than one hom(e)ologous loci
to a single Sorghum loci was identified, the minimum
and the maximum number of reads mapped to all loci
are shown (Figure 1). The high number of mapped
RNA-seq suggests that it is an active pathway involved
in growth of the young bud tissue. The most actively
transcribed gene encodes phosphoglucomutase followed
by cellulose synthase and glucose-1-phosphate adenylyl-
transferase. Sucrose synthesis is mainly driven by the ac-
tivity of sucrose synthase, however the two-step process
catalyzed by sucrose phosphate synthase and sucrose-6-
phosphate phosphohydrolase is also transcribed.
Three loci were identified for the glucose-1-phosphate

adenylyltransferase gene, the enzyme that catalyzes the con-
version of α-D-glucose-1-phosphate into ADP-glucose.
This is the first and key regulatory step in starch synthesis
[13]. Based on our RNA-seq mapping data, one locus was
more highly expressed than other two (Figure 1). The
glucose-1-phosphate adenylyltransferase enzyme is com-
posed of two large and two small subunits [13]. In maize,
the large subunit is coded by the maize Sh2 locus, which is
well characterized in plants, and in particular in grasses.
Four loci are responsible for this reaction in sorghum
(Sb09g029610, Sb01g008940, Sb02g020410 and Sb03g028
850). Three of these loci were identified in sugarcane BACs,
Sb09g029610 (SHCRBa_003_M06, SHCRBa_026_K06 and
SHCRBa_078_K12), Sb01g008940 (SHCRBA_027_I16, SH
CRBa_033_L20, SHCRBa_073_J10 and SHCRBa_119_J13)
and Sb03g028850 (SHCRBa_009_B01, SHCRBa_012_A01
and SHCRBa_022_D05). The sugarcane orthologous of
BACs SHCRBa_022_D05, SHCRBa_012_A01 and SHCR
Ba_009_B01 correspond to the Sh2 locus (Figure 1).



Figure 1 Schematic representation of the sucrose, cellulose and starch metabolic pathways, showing genes identified with supporting
RNA-seq mapping information. The grey boxes represent enzyme products. The arrows represent enzyme reactions, solid arrows are enzyme
reactions where the predicted enzyme-coding genes were identified in sugarcane, dotted arrows where the gene was not identified. EC numbers
are shown for the predicted enzyme-coding genes identified. EC numbers in red indicate predicted enzyme-coding genes that were mapped
with more than a thousand RNA-seq reads. The number of mRNA reads mapped is indicated in parentheses below the EC number. If more than
one BAC to a single Sorghum loci was sequenced, the minimum and the maximum number of reads mapped to all BACs are shown. EC 3.2.1.26:
beta-fructofuranosidase, 3.1.3.24: sucrose-6-phosphate phosphohydrolase, EC 2.4.1.14: sucrose phosphate synthase, EC 2.4.1.12: cellulose synthase,
EC 2.4.1.13: sucrose synthase, EC 2.7.7.9: UDP glucose pyrophosphorylase, EC 3.2.1.37: xylan 1,4-beta-xylosidase, EC 3.1.1.11: pectinesterase, EC
3.2.1.15: polygalacturonase, EC 5.4.2.2: phosphoglucomutase, EC 2.7.7.27: glucose-1-phosphate adenylyltransferase, EC 2.4.1.21: starch synthase,
EC 2.4.1.18: 1,4-alpha-glucan branching enzyme and EC 3.2.1.2: beta-amylase.
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Sucrose-6-phosphate phosphohydrolase (S6PP) cata-
lyzes the reaction from sucrose-6P to sucrose. There is a
tandem duplication of this gene, not previously pub-
lished, but evidenced by genomic sequences in the Phy-
tozome database [14], in sorghum (Sb09g003460.1 and
Sb09g003463.1), Setaria italica (Si022142m and Si0
24709m) and Panicum virgatum (Pavirv00037112m and
Pavir00037113m). However, the same duplication is not
found in maize or any of the other grass genomes avail-
able. The BAC SHCRBa_104_G22 annotation suggests
that s6pp is duplicated in the sugarcane genome. In
order to better understand this region, which is import-
ant for sucrose synthesis, we examined the composition
of the intergenic region between the two copies of s6pp
in modern sugarcane cultivars, Saccharum species, sor-
ghum and Miscanthus sp. by sequencing a PCR ampli-
fied 1,539 bp fragment. One hundred and ninety
amplicons were aligned against sorghum sequences and
the R570 BAC (SHCRBa_104_G22). Overall nucleotide
identity is high, 99.988% (SD 0.001). The sorghum se-
quence is the most divergent with an average 99.935%
(SD 0.005) identity compared with all other sequences. S.
spontaneum sequences are more divergent from the other
sugarcane sequences (99.985%, SD 0.006). Neighbor-joining
and maximum likelihood phylogenetic analyses resulted in
unresolved evolutionary relationships (data not shown).
Network analyses can be used to predict relationships

amongst sequences with low diversity [15]. Because of
the low sequence diversity of the sugarcane s6pp dupli-
cation, a haplotype network was generated to describe
the relationships of sugarcane species and cultivars.
Thirty percent of the sequences fell into five main hap-
lotypes (thick bold black circlers in Figure 2). Four of
these haplotypes were from S. officinarum, modern sug-
arcane hybrids and Miscanthus sp., the fifth is found
specifically in the modern sugarcane hybrids. The most
common haplotype consists of 33 sequences, from the
R570 BAC (SHCRBa_104_G22), S. officinarum, sugar-
cane hybrids and Miscanthus sp. In networks, haplotype
clustering with higher number of sequences is associ-
ated with ancestral, shared characters [16], while dis-
persed sequences is associated with the accumulation of
nucleotide substitutions, i.e., derived characters. Al-
though S. spontaneum is a parental species to modern
sugarcane hybrids, S. spontaneum sequences are the
most dispersed in the network analysis. This suggests
that either particular S. spontaneum cultivars were used
in breeding crosses or S. spontaneum chromosomes



sugarcane hybrid (11)
S. spontaneum (2)
S. offcinarum (1)
Miscanthus sp. (1)
S. bicolor (genome)
single sequence
one substitution

Figure 2 Network analysis of the s6pp gene duplication region. The network was constructed using the NETWORK 4.5.1.0 software [84] with
default parameters. From a 1,539 bp alignment, 262 variable characters were used to reconstruct the network. The main figure is a closeup of
part of the entire network which shown in the top left. The size of the circle is relative to the number of sequences in that haplotype. Thick bold
circles represent the five main haplotypes. A single dash denotes a single substitution; the distance between clusters is therefore proportional to
the number of substitutions. Numbers between parentheses in the legend show the number of cultivars analyzed.
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with the substitutions in this genomic region were not
transmitted during the hybridization events.

sRNAs in sugarcane BACs
A sRNA library from sugarcane leaf tissue [10] was mapped
against the BACs to evaluate the sRNA landscape and to
identify new microRNA (miRNA) genes (Additional file 11:
Figure S6). This library was derived from the hybrid SP80-
3280, the main cultivar used to produce the SUCEST data-
base [8]. Most sRNAs from grasses are in the 24-nucleotide
size range and therefore are most likely small interfering
RNAs (siRNAs) or repeated-associated small interfering
RNAs (rasiRNAs) [17]. Sixty-one percent of the sRNAs in
the SP80-3280 sRNA library were in the 23–25 nt range,
and 48% of them mapped to TEs identified in the BACs.
The 23–25 nt RNAs mapped to the TEs are 3 × more
frequent than did the smaller 20–22 nt RNAs. This pattern
is expected for rasiRNAs [17] and suggests that TEs are the
origin of the 23–25 nt rasiRNAs, as well as the target for
sRNA-mediated gene regulation.
We searched the BACs for the 19 sugarcane primary

miRNA (pri-miRNA) genes previously described [18] in an
attempt to identify miRNA genes. One miRNA locus was
identified. This pri-miRNA, a miR437 precursor (SsMIR4
37a gene), has high similarity (score 416) to MITE-derived
hairpin sequences (DNA/Stowaway) in the hairpin region,
and the intron has high similarity to a LINE/RTE non-LTR
retrotransposon (score 2091, Figure 3). The high similarity
between the hairpin sequence of SsMIR437a and a MITE
corroborates recent publications positing that some plant
miRNA families are derived from TEs, including MITEs
[19,20].



Figure 3 Structure of the SsMIR437a gene identified in BAC SCHRBa_095_E16. The double-arrowed solid black line shows the location
within the BAC, the numbers indicate the nucleotide positions within the BAC. The number along the blue line show the position within the
region. Exons are shown as blue bars, TEs as grey bars, the intron as a dashed blue line and the putative source of miRNA mature sequence as a
solid red line. TEs were identified using RepeatMasker (cut-off score > 250). The miRNA mature sequence is AAAGUUAGAGAAGUUUGACUU.
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Ribosomal and pericentromeric and/or centromeric BACs
No protein-coding genes were identified in 14 BACs and
these were further analysed to better understand their se-
quence composition. Three BACs (SCHRBa_239_N21,
SCHRBa_013_I13 and SCHRBa_029_018) were predicted
to be pericentromeric and/or centromeric and one
(SHCRBa_039_D18) was entirely composed of ribosomal
tandem repeats. The other BACs were TE rich or had no
significant matches to grass protein sequences available.
The ribosomal DNA (rDNA) BAC consisted of 14 45S

ribosomal transcription units with a portion of one unit in
the reverse orientation to the other 13 (Additional file 12:
Figure S7A). Each 45S ribosomal unit was 8.8 Kb long, con-
sisting of the 18S (1.8 Kb) ribosomal gene, the 208 bp
internal transcribed spacer 1 (ITS1), the 5.8S (163 bp) ribo-
somal gene, the 216 bp internal transcribed spacer 2 (ITS2),
the 26S (3.39 Kb) ribosomal gene, and the 527 bp intergenic
spacer (IGS). The 45S ribosomal transcription units were
99.8% identical at the nucleotide level.
The three BACs classified as pericentromeric and/or

centromeric contain the previously described sugarcane
137 bp centromeric repeat SCEN [21], and plant specific
Gypsy-Ty3 centromeric specific-like retrotransposons
(CRM) [22]. Annotation of one of the centromeric BACs
is shown in more detail in Additional file 12: Figure S7B.
SCHRBa_239_N21 is 23% SCEN repeats and contains
multiple copies of CRM and Tat elements. CRM_3 was
the only complete CRM element identified. Three Tat el-
ements were identified (Tat_2, 3 and 5), all full-length.
Four hundred and thirty nine copies of the SCEN repeat
were identified with a pairwise nucleotide identity of
76.8%.
R570 cultivar metaphase spreads were examined for
localization of the pericentromeric/centromeric SCHRB
a_239_N21 and ribosomal BAC by FISH (Additional file 12:
Figure S7C). The pericentromeric/centromeric BAC SCH
RBA_239_N21 hybridized to a region consistent with it be-
ing a component of the centromeric or pericentric region of
all chromosomes, however, signal strength varied among
chromosomes. Additional fainter signals observed on
chromosome arms were probably from non-centromeric
specific LTR retrotransposons in the BAC [10]. For the ribo-
somal BAC, there were seven terminal, three interstitial and
two undetermined signals.

Comparative genomics with sorghum
A BLAST based pipeline against the sorghum genome
and protein databases was used to determine the distri-
bution of the BACs relative to the sorghum genome in
order to examine synteny between genomes and to gain
insights into the evolution of sugarcane genomic struc-
ture [14]. A sorghum ortholog was assigned to 1,367
sugarcane predicted genes, with a redundancy of 31.6%.
After excluding redundant genes (i.e. those with the
same sorghum ortholog), 935 genes were analysed. For
318 genes there was a single BLAST match against
sorghum-annotated proteins [14] and orthologous
relationships for the remaining 617 genes were inferred
by high-throughput maximum-likelihood phylogenetic
analysis [23]. Using the chromosomal locations of the
935 sorghum-sugarcane orthologous, we were able to
localize 265 sugarcane BACs onto sorghum chromo-
somal arms (Figure 4). Despite the small number of
BACs and the limited number of probes, our strategy
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tagged all sorghum chromosome arms. The BACs
mapped chiefly to the euchromatic regions, as defined
by published sorghum genome annotation [24,25]. Fifty-
four BACs were not used in this mapping analysis. Four-
teen of these contained no predicted protein-coding
genes, among them were the pericentromeric/centro-
meric and ribosomal BACs described above, and 40
BACs with sorghum-sugarcane orthologous assigned to
more than one sorghum chromosome.
We defined a set of stringent criteria to investigate gen-

ome size variation with this collection of sugarcane and
sorghum orthologous genes. All sugarcane genes whose
predicted protein coding-sequence length was not within
90% to 110% of the length of the sorghum ortholog were
discarded. Only syntenic blocks with perfect colinearity of
at least two genes were considered. Three hundred forty
nine unique genes and 228 intergenic regions were identi-
fied within 122 syntenic blocks in 98 BACs (Additional
file 13: Table S6). Although the average size of the CDSs
were not significantly different, the introns and intergenic
regions were statistically significantly longer in sugarcane
than in sorghum (Table 1), suggesting that sugarcane
underwent or is undergoing genome expansion relative to
sorghum.
The syntenic blocks were further analysed to determine

the nature of the sugarcane genome expansion. These were
3.533 Mb long in total in sugarcane and 1.990 Mb in
Figure 4 Heatmap of the distribution of sequenced sugarcane BACs o
the number of BACs localized per 10 Mb. Horizontal red lines show the loc
Horizontal black lines show the location of BACs that overlap with at least
that overlap at that point.
sorghum. Sugarcane and sorghum have equivalent numbers
of bases encoding gene exons, 0.446 Mb and 0.449 Mb, re-
spectively. Therefore, introns, promoters and intergenic
regions may account for the sugarcane syntenic region be-
ing 1.543 Mb larger. Repeat content in sugarcane was
1.356 Mb (consisting of 1.334 MbTEs and 0.022 Mb of sin-
gle sequence repeats (SSR) and low complexity regions).
Repeat content in sorghum was 0.580 Mb (TEs: 0.562 Mb;
SSR and low complexity: 0.018 Mb). The difference be-
tween the two species in repeat content indicates that the
0.776 Mb expansion of the sugarcane genome is due mainly
to TE amplification. Among the TE sequences, Copia-Ty1
elements are the most common (16.17%), followed by
Gypsy-Ty3 (12.28%) and DNA transposons, including
CACTA (5.64%), hAT (1.09%) and Mutator elements
(0.19%). The large fraction of unaccounted nucleotides in
both sorghum (0.961 Mb) and sugarcane (1.731 Mb) may
represent unidentified novel genes, uncharacterized TEs, or
as-yet-unknown genomic elements.

Hom(e)ologous diversity and expression of rpa1a locus
The largest group of sugarcane BACs that mapped to a sin-
gle region within a sorghum chromosome was analyzed to
evaluate hom(e)ologous and genome size diversification.
These were twelve BACs selected using a probe for the sin-
gle copy rpa1a (replication protein A1a) gene. RPA1A is
known to play an essential role in DNA repair in rice [26].
n sorghum chromosomes. The depth of the blue colour indicates
ation of BACs selected using probes based on eight linkage groups [7].
one gene. Numbers above the black bars indicate the number of BACs



Table 1 Comparison of sugarcane (Sc) and sorghum (Sb) genome size variation using a two-tailed Welch’s t-test

Average ± SD Sc/Sb SE df t-value

Sc Sb

Intron length/gene (Kb) 2.22 ± 3.58 1.53 ± 1.57 1.44 0.21 476 2.87**

Intergenic length/syntenic blocka (Kb) 19.30 ± 25.05 11.15 ± 18.92 1.73 2.84 225 3.26**

CDS length (Kb) 1.28 ± 0.75 1.29 ± 0.75 0.99 0.06 695 0.15

**P < 0.01. a: The nucleotide length between genes in a colinear region. SE: standard error, df: degree of freedom.
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In addition to the rpa1a gene, the BACs contained seven
additional genes and a number of incomplete and putatively
full-length LTR retrotransposons and DNA transposons
(Figure 5A). Structural analyses indicate that these BACs
represent a number of hom(e)ologous regions. The co-
linearity was interrupted mainly by differential distribution
and size of TE insertions. A comparison with the ortholo-
gous region of the sorghum genome (chromosome 4) con-
firms that the sugarcane genome has longer intergenic
regions than sorghum, as described above.
The CDSs of the six genes shared by the 12 BACs and

sorghum were aligned and concatenated to construct a
phylogenetic tree (Figure 5A). Most of the sugarcane se-
quences fell into three well-supported groups (I, II and III)
that were in agreement with the structural analysis. BACs
SHCRBa_232_H22 and SHCRBa_227_O17 did not group
with BACs that they were structurally closely related to, but
fell in a separated, less related group (group III). BACs
SHCRBa_035_B09 and SHCRBa_196_O13 fell outside all
these groups. Interestingly, the topology of the phylogeny
based on the concatenated CDSs generally reflects differ-
ences of TE content in the region examined. The main
structural variation between the BACs in groups I and II is
the presence of a DNA transposon between the fifth and
sixth genes in group I, instead of the Harbinger cluster
found in group II. No structural variation between groups
II and III was detected, apart from a variant region down-
stream from the sixth gene, which contained several copies
of different LTR retrotransposons.
The BACs selected using the rpa1a gene were also

mapped against the SUCEST database (EST sequences) and
the RNA-seq and sRNA libraries. Figure 5B shows mapping
for one BAC of each of the three phylogenetic groups (I, II
and III) and the other two BACs (SHCRBa_035_B09 and
SHCRBa_196_O13). While most of the mRNA transcripts
mapped against the CDSs, some sRNAs also mapped
against TE sequences or non-coding regions, as expected.
Two expression patterns were of particular note. First, there
was a common region in all BACs, downstream from a
LTR retrotransposon, with peaks of mRNA sequences
(Figure 5Bi). Transcription of this region may be directed
by promoter sequences in the 3′ LTR of the LTR retro-
transposon. Alternatively, there may be an unidentified
gene in this region. Second, differential hom(e)ologs expres-
sion was identified (Figure 5Bii). There are different sRNA
patterns between BACs in the region between the rpa1a
gene (white arrow) and gene 5. No sRNA reads were
mapped to BACs SHCRBa_035_B09 or SHCRBa_196_O13,
in which the intergenic region between the rpa1a gene and
gene 5 is the shortest (1030 and 866 bp). On the other
hand, in BACs SHCRBa_101_B12, SHCRBa_201_D09 and
SHCRBa_232_h22, where the intergenic regions are longer
(1556, 1556 and 1553 bp, respectively), there is also a higher
number of mapped sRNAs. The main difference in the
intergenic region in the BAC with the lowest (SHCR
Ba_196_O13) and the highest (SHCRBa_101_B12) sRNAs
number of reads is the presence of DNA transposon frag-
ments and a Harbinger TE in BAC SHCRBa_101_B12 (not
shown in diagram), which support current models that
these elements contribute to gene modulation [27].

Discussion
The present study releases the largest and most diverse
collection of sugarcane genomic regions to date. Based
on comparative analysis, these regions are distributed
throughout all sorghum chromosomes and are chiefly
euchromatic. An understanding of these genomic re-
gions will increase our knowledge of the structure of the
sugarcane genome. The selected BAC collection includes
genes known to be expressed and reveals a diverse set of
sugarcane sequences associated with major biological
processes. Insight into transcriptional patterns and epi-
genetic regulation were provided by the complementary
RNA sequencing approaches.
Previous studies have shown that there is a high level

of colinearity, gene structure, and sequence conservation
between sorghum and sugarcane [28-31]. However, these
reports conflict in terms of whether the sugarcane gen-
ome is expanding, or has expanded, relative to the sor-
ghum genome or vice versa. Our data, based on a much
larger sampling of linear genomic sequence, and assem-
bled regions (about 100,000 bases per BAC), confirms
the colinearity and conservation between the sorghum
and sugarcane genomes. It also suggests that overall the
sugarcane genome has undergone or is undergoing ex-
pansion within euchromatic regions compared with sor-
ghum. This expansion is highly variable depending on
the syntenic block examined (Additional file 13: Table S6),
possibly explaining why the previous reports are conflicting.
Nearly one-fourth of the sugarcane genome expansion
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Figure 5 Physical and functional relationships of rpa1a sugarcane hom(e)ologous BACs compared to sorghum. The rpa1a genes are
represented by white arrows and other genes by black arrows. LTR retrotransposons are represented by blue boxes, DNA transposons by brown
boxes and Harbinger transposons by black vertical lines. Only contiguous TE sequences greater than 3,000 bp are shown. A. A physical and
phylogenetic analysis of the genomic region of the rpa1a gene from 12 BACs and S. bicolor. The neighbor-joining tree was inferred with using
the highest ranked substitution model (Tajima-Nei) and 1000 bootstrap replications [72]. The Arabic numberals are bootstrap values, roman
numerals indicate the three phylogenetic groups identified. Colinear genes and TEs are connected by shaded areas. B. Mapping of sRNA and
mRNA libraries against one BAC from each phylogenetic group (I, II and III) and SHCRBa_035_B09 and SHCRBa_196_O13. Both sRNA and mRNA
mappings are to scale. Dotted ovals indicate sRNA and mRNA peaks discussed in the text. Y axis show the mRNA and sRNA mapping density,
that correspond to the proportion of mRNA or sRNA mapping in each base, normalized by the BAC size.
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compared with the sorghum can be attributed to differ-
ences in TE content, largely LTR retrotransposons. The
presence of these dynamic elements within euchromatic
regions may act as key factors in chromosome rearrange-
ments, gene gain and loss, as well as epigenetic marks.
Similar mechanisms have been shown to be associated with
TEs in other grass genomes such as maize [32-34].
BACs from repetitive genomic regions were examined.

Among these was a BAC composed entirely of 45S ribo-
somal units. A consistent variation in signal intensity
from chromosome to chromosome was observed using
rDNA and pericentromeric and/or centromeric BACs as
probes for FISH (Additional file 12: Figure S7C). Centro-
meres within a species are generally composed of the
same types of repeats, while the abundance and arrange-
ment of repeats can vary both between and within spe-
cies [35]. Given the hybrid nature of sugarcane modern
cultivars, variation in the pericentromeric/centromeric
BAC signal may therefore be a reflection of the differ-
ences in pericentromeric/centromeric composition within
or between the parental species. Based on previous find-
ings using the same cultivar, the less intense interstitial
rDNA signals are on S. spontaneum chromosomes, while
the more intense terminal signals are on S. officinarum
chromosomes [36]. While the rDNA genes are highly con-
served, ITS sequence divergence can be used to resolve
species relationships within a genus. Following polyploidi-
zation events, ITS units can suffer several different fates,
depending on the species and time since polyploidization,
for example, loss of one parental type, or homogenization
[37]. It would appear that the position of the rDNA units
from both parental species have been retained in modern
sugarcane cultivars.
We estimate that almost one-half of the sugarcane BAC

sequences are TEs. This estimate is close to that based on
BAC-end sequences (BESs) from two sugarcane cultivars,
R570 (42.8%) [24] and SP80-3280 (45.16%) [31]. In general,
as genome size increases the proportion of the genome
composed of repeats increases [38]. A significant propor-
tion of grass genomes are composed of repetitive se-
quences, 40%, 62% and 82% for rice (420 Mb), sorghum
(740 Mb), and maize (2160 Mb), respectively [25,32,39].
The basic genome size (1 ×) for S. officinarum, the main
component of modern sugarcane cultivars genome, is
930 Mb [6], larger than sorghum (740 Mb). S. spontaneum,
also one of the ancestors of modern sugarcane cultivars, is
750 Mb [6], similar to sorghum. The total monoploid gen-
ome size of the R570 modern cultivar, however, is 1 Gb.
The percent of the sugarcane genome composed of repeats
based on the BAC sequences is most likely an underesti-
mate because the BACs were mainly from euchromatic
gene-rich regions. Nevertheless, the low percent of repeats
compared to genomes of a comparable size may also be a
reflection of the size of modern sugarcane cultivar genome
as a result of polyploidization events rather than as the re-
sult of massive TE expansion.
We examined all hom(e)ologous regions identified

containing the rpa1a gene to better understand the con-
sequences of polyploidization in terms of genome struc-
ture and regulation. Most of the structural variation
among the BACs was due to variability in TE insertion
patterns, although the topology of the phylogenetic tree
inferred using the coding gene sequences reflects struc-
tural variation between hom(e)ologous regions. The top-
ology indicates that there is at least three well-defined
haplogroups in this region. We speculate that these hap-
lotypes are derived from the parental species. The 10
BACs from the groups A, B, and C (approximately 80%
of the BACs) were inherited from S. officinarum and the
two remaining from S. spontaneum. We were not able to
evaluate if there is any selective constraint driving the
diversification of the putative hom(e)ologous sequences
from S. officinarum as haplogroups. Further sequencing
of this region in S. officinarum and S. spontaneum may
identify any selective constraint.
The high conservation of gene content and colinearity

between sugarcane haplotypes has been previously
shown, here we confirm this finding analyzing more
hom(e)ologs of a single region [29,30]. These results
contrast with the high DNA sequence elimination and
recombination observed between hom(e)ologous chro-
mosomes in allopolyploid wheat and other monocot and
eudicot plants (see Liu et al. [40] for a review). In all
these cases, it is not clear if the changes occurred imme-
diately after polyploidization. We consider that the high
conservation is not due to the gene richness of the re-
gions, since the gene frequency in the rpa1a BACs is
much lower than those regions studied in previous co-
linearity studies in sugarcane [28-30]. There are several
possible reasons for the low recombination rate in this
region. The hybridization events resulting in the modern
sugarcane cultivar are very recent, within the last two
centuries, and it has been estimated that there have been
few meiotic divisions since [3]. The parental species
themselves have recently diverged, between 1.5 and 2.0
million years ago. Finally, the evolution of the hap-
logroups in this polyploid genome may have been
shaped by the phenomenon of pairing behavior, which
favors the transmission of non-mutated chromosomes to
the progeny [30].
We mapped sRNA and mRNA libraries against the

rpa1a region. The results show that the hom(e)ologous
BACs have differential mapping patterns for both kinds
of RNAs. Most of the variation was observed in pro-
moters, TEs and intergenic sequences. The promoter
regions within the LTRs at each end of an LTR retro-
transposon can act as novel promoters or enhancers,
driving changes in host-gene expression patterns [41].
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There are peaks of RNA (ESTs and RNA-seq) mapping
in a region downstream to an LTR retrotransposon,
where no non-TE-coding genes have been identified.
Promoters within the 3′ LTR region may be driving ex-
pression of this region in an allelic dependent manner.
The region between two host genes is variable both in
length and for the presence/absence of TE fragments.
Peaks of sRNA mapped between the two non-TE coding
genes correlates with the intergenic length and the pres-
ence of TEs. Several studies have shown that hom(e)olo-
gous diversity needs to be evaluated not only in terms of
gene coding DNA, but also in terms of regulatory re-
gions, since regulatory regions have important roles in
genetic control and are under independent evolutionary
pressures [42]. This can be particularly important in
polyploids, due to the high number of hom(e)ologous
loci. In the rpa1a BACs there are indications of mRNA
and sRNA variation, as evidenced by the sRNA and tran-
scriptome mapping, that could influence gene expression
and function. Interestingly, the two most highly expressed
rpa1a hom(e)ologs correspond to a BAC that did not
cluster within the three main haplotypes and another from
cluster III.
Crop genomics is being used to increase the effective-

ness of breeding, since traits of interest can be selected
more precisely, directly and cost-effectively [43]. For over
10 years directed genetic modification of sugarcane has
been a reality in laboratories with field trials also being
conducted [44]. Genomics could also aid in traditional
marker-based breeding, providing putative marker
sequences derived from genes, TEs, intergenic or low
complexity regions [45-47]. Here we have sequenced
and annotated 1,400 sugarcane protein-coding genes and
several non-coding genes, including ribosomal and
miRNA genes. The protein-coding genes code for en-
zymes in several metabolic pathways. For some of the
genes that are clearly important in sugarcane breeding, for
example, genes from the sucrose and starch metabolism,
the complete CDSs are available in the transcriptome
database, but no information about introns and intergenic
regions have been previously published. Other genes have
not been previously sequenced in sugarcane, among them
genes involved in the metabolic pathways not traditionally
considered in sugarcane breeding, such as the carotenoid
biosynthesis pathway. The sequencing of complete genes,
including coding regions, UTRs, introns and promoters in
genomic sequencing projects, instead of sequencing only
transcribed sequences, as in transcriptome sequencing
projects, provides a broader database for the design
of transgene constructs. This work has shown that it
is fundamental to combine genome and transcriptome
sequencing approaches (sRNA and mRNA) to validate
genome annotation and provide a broad understanding
of functional genomics.
The potential of the sequenced BAC collection was dem-
onstrated by sequencing 16 genes related to the central
enzymatic steps of carbon partitioning in source-sink-
growth in plants. Three main conclusions were drawn.
First, the sequenced regions enabled the identification of
differential expression levels in specific enzymatic steps in
actively growing bud tissue. Second, we were able to dif-
ferentiate the expression of paralogous loci. Finally, a
previously unreported gene duplication was described
for the s6pp gene in sugarcane and sorghum. Examin-
ation of a region covering the intergenic region and part
of the two genes from a commercial hybrid breeding
panel, S. officinarum, S. spontaneum, Miscanthus sp and
the sorghum genome shows that S. spontaneum did not
contribute to the haplotype identified in hybrid cultivars.
Interestingly, the Miscanthus sp. sequences fell into four
major haplotype groups. Another haplotype group con-
sisted exclusively of commercial hybrids. Sequence vari-
ability among paralogous or hom(e)ologous allelic loci has
to be considered, since the most effective gene copy
should be selected in order to avoid non-additive effects
[42]. Thus, it is essential to sequence further candidate
hom(e)ologous regions that have the potential to be valu-
able in transgenic breeding, in order to increase our
knowledge of sugarcane gene variability.

Conclusion
The genome sequence released in the present work con-
tributes towards a fundamental understanding of the struc-
ture of the sugarcane genome. The present data will also
contribute to improving our understanding of the genetic
basis of sucrose content and physiology, providing molecu-
lar tools for breeding purposes and gene discovery related
to traits such as plant defense, metabolism, flowering, and
responses to biotic and abiotic stresses.

Methods
Sugarcane BAC library and BAC selection
Two approaches were used to select BACs from the sug-
arcane hybrid R570 [7]: macro-array hybridization using
PCR-amplified and overgo probes, and 3D pool screen-
ing by real-time PCR. Overgo probes were designed
using the BACMAN database [48] and were used as
queries in a BLASTn search against the sorghum (v1.0)
[14] and rice (v6.1) [49] genome assemblies. Since the
overgo probes are only 40 nts in length, we used a series
of cut-off values; for matches from 40 to 38 nt (allowing
for 2 mismatches for 40 nt or 1 mismatch for 39 nt and
no mismatches for 38 nt alignments). Only those probes
that hybridized to 1–10 BACs were used to select BACs
for sequencing to reduce false positives and to exclude
multigene families.
Macro-array hybridizations were performed according

the manufacturer’s instruction and Bowers et al. [50].
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After purification of the PCR fragment using the GFX
PCR DNA and Gel Band Purification Kit (GE Health-
care) the probes were labeled using the Random Primer
DNA Labeling System (Invitrogen), following the manu-
facturer’s instructions. 3D pools were constructed ac-
cording to Adam-Blondon et al. [51]. Briefly, the 269
plates of the SHCRBa library were arranged in 11 blocks
of 24 plates and the BACs pooled by plate, line and row
in growth medium. Each pool was amplified using the
Phi29 enzyme from the IllustraGenomi Phi V2 DNA
Amplification Kit (GE Healthcare), according the manu-
facturer’s instructions. We screened for specific markers
by RT-PCR as follows: in a final volume of 5 μl, 100 ng
of the pool DNA was amplified using 0.4 μM of each
primer and 1 X SYBR Green Master Mix (Roche). The
cycling parameters used for amplification were 95°C for
5 min for initial denaturation, 40 cycles of 95°C for
20 sec, 60°C for 20 sec and 72°C for 40 sec.

BAC sequencing and assembling
Three hundred and thirteen BACs were sequenced using
the 454/Roche sequencing platform and four were se-
quenced using Sanger/ABI technology. BAC DNA was
extracted using the QIAGEN Large-Construct Kit, fol-
lowing the manufacturer’s protocols. 454 DNA libraries
were prepared using either the General or the RAPID
GS FLX Titanium Library Preparation Kit, individually
emPCR amplified and sequenced using 454 Titanium
kits, according the manufacturer’s specifications and de-
fault parameters. Nine different gasket pooling strategies
were tested (Additional file 2: Table S1). Sanger sequen-
cing was performed according Manetti et al. [52]. The
sequencing reads were assembled using Phrap [53] with
different parameter values, depending on the results of
the first assembly, which was performed using default
parameters and repeat_stringency set at 0.3 (for ease of
contig joining). Given the deep coverage achieved for
each BAC, all sequences were used for assembly. Bad
quality reads were automatically kept as singletons by
Phrap [53]. Medium-to-low quality reads were used in
the assembly because, given the high coverage, the im-
pact of these medium-to-low quality reads is expected to
be low. This strategy was adopted because in regions
that are difficult to sequence (e.g., homopolimeric re-
gions), median-to-low quality reads could help to close
gaps or at least confirm a scaffold.

Gene and repeat annotation
BACs were first annotated using an automated pipeline for
identification of genes and TEs based on de novo prediction
and BLASTx. TEs were screened using RepeatMasker [54]
against repeats from Viridiplantae [55] and sugarcane LTR
retrotransposons [10], with a cut-off score of 250. Both
complete and incomplete elements were identified. MITE
Hunter [56] with default parameters was used to extract all
MITEs from the BACs. The alignment files generated were
grouped together using clans [57] and screened using
RepeatMasker [54]. MITEs were then classified according
to type of target site duplication and terminal inverted re-
peat features [58].
Genes were annotated using masked BACs, using the

software programs Augustus [59], Glimmer HMM [60],
PASA [61], Evidence Modeler [62], SignalP [63], and
TMHMM [64]. Exon-intron boundaries were examined
using Artemis [65], compared to results based on
BLAST alignments against sugarcane ESTs [8] and anno-
tated sorghum and rice proteins [14,66,67] and adjusted
if necessary. If no hits against sugarcane ESTs, rice and
sorghum protein sequences were found, the predicted
ORF was not modified. Validation of splice sites were
performed by GenBank tools at sequence submission.
Lastly, putative intergenic sequences were BLASTx (nr
database) screened for additional genes not annotated by
the de novo prediction programs. Manual categorization
was performed according to the SUCEST project data-
base [8]. Blast2GO analyses were performed as previ-
ously described [68] using BLASTp with an e-value cut-
off of e−10. Screening for mitochondrial and chloroplast
sequence contamination was done by a BLASTn of the
sugarcane organellar genomes (GenBank: NC_005878
and NC_008360).
We used the CDSs from the BACs, the 43,141 SASs

[69] and the KeggMapper tool available at MG-RAST
[70] for global automatic mapping with cut-offs of an e-
value of e−5, 60% identity, and a minimum alignment
length of 15 bp. We used the sugarcane CDSs and the
KEGG Automatic Annotation Server [71], with the BBH
search option, to map sucrose and starch pathways
genes.
All BAC sequences generated in this study, with

protein-coding gene and full-length TE annotation, can
be accessed in the GenBank database under accession
numbers [GenBank: KF184657 to KF184973].

Colinearity and synteny analyses
Two analyses were performed to confirm that the BACs
represent a homogeneous sampling of the sugarcane
genome, and to evaluate colinearity and synteny with the
sorghum genome. First, we estimated the chromosomal lo-
cation of the BACs in the sorghum genome by a BLASTn
analysis, using sugarcane non-TE coding sequences as
queries against the sorghum genome (v1.0) [25]. We then
checked this localization by blasting the predicted protein
sequences against the masked sorghum protein database
[14]. The chromosomal location of the BAC in the sor-
ghum genome was directly assigned for predicted protein
sequences with single-hits. A high-throughput maximum-
likelihood phylogenetic analysis [23] was applied for CDSs
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with multiple-hits using the sorghum predicted proteome
[14]. Redundant sugarcane predicted protein sequences
from putative hom(e)ologous BACs were manually evalu-
ated. Sorghum orthologous genes assigned to more than
one BAC were examined when there were two or more co-
linear predicted protein sequences on a single BAC. Redun-
dant predicted protein sequences were removed from the
analysis. A Welch’s t test was applied to check the size vari-
ation hypothesis.
The structure of the 12 BACs selected using the rpa1a

gene as probe was analyzed in detail using Artemis [65].
The CDSs of the six genes shared by the 12 BACs and
sorghum were aligned and concatenated. A neighbor-
joining phylogenetic tree was inferred with using the
highest ranked substitution model (Tajima-Nei) and
1000 bootstrap replications, using MEGA 5 [72].

Analysis of ribosomal and centromeric BACs
The BAC SCHRBa_039_D18 was initially identified
through the gene annotation as containing ribosomal genes.
The region syntenic to the BAC in rice, maize, sorghum
and Arabidopsis was identified using CoGE [73]. The top 2
hits from BLASTn where the description was not an un-
identified sequence were downloaded and manually aligned
using BioEdit [74] with BAC SCHRBa_039_D18 to deter-
mine the beginning and end of each ribosomal gene.
Three BACs were identified as putatively pericentromeric

and/or centromeric by the absence of coding genes during
the repeat annotation. The nucleotide sequence of the
BACs were further analyzed by appropriate BLASTs against
the SCEN repeat [21]. LTR nucleotide sequence and con-
ceptually translated coding domains from the sugarcane
curated LTR retrotransposon database [10]. The centro-
meric repeat, SCEN, was extracted and aligned using Clus-
talW in BioEdit [74], and the pairwise % identity calculated
using Genious [75].

Fluorescence in situ hybridization (FISH)
Distribution of the sugarcane ribosomal (SCHRB
a_039_D18) BAC and a pericentromeric/centromeric
(SCHRBa_239_N21) BAC were analyzed by FISH on
metaphase chromosomes. FISH procedures were as de-
scribed in [10], except for preparation of the probes and
blocking DNA. All kits were used according to the man-
ufacturer’s instructions. One μg of each BAC was used
in a 20 μL nick translation reaction using the NT mix
(Roche) with Digoxigenin (DIG)-11-dUTP (Invitrogen)
or Biotin-16-dUTP (Invitrogen). Labeling efficiency was
tested according to Heslop-Harrison and Schwarzacher
[76] (protocol 4.7). Blocking DNA was prepared from
genomic DNA from the sugarcane cultivar SP80-3280.
Genomic DNA was extracted from meristem according
to Aljanabi et al. [77], except that the meristem was first
ground in liquid nitrogen before adding the homogenization
buffer. The genomic DNA was sheared by placing it at 95°C
until it was less than 1 Kb in size.

sRNA analysis
Raw sequences [10] were retrieved in a FASTQ format-
ted file and the adapter sequences were removed using
Perl Scripts. Reads in the size 20–25 nucleotides were
sorted into two separate files, 20–22 nt and 23–25 nt
for subsequent analyses. We used the MAQ software
[78] to map the collection of sRNA reads against the
BACs. We used the low stringent cut-off parameter of
0–2 nt mismatches because the BACs and sRNA reads
were derived from different sugarcane cultivars. Graph-
ical representations of sRNA mapping was created using
the SeqMonk software [79].

RNA-seq sequencing and analysis
A sugarcane transcriptome was constructed from ger-
minating shoot axillary buds five days after planting. Sin-
gle budded setts from the sugarcane variety RB92-5345
were placed in trays with buds facing upwards, covered
with moist vermiculite, and incubated at 26–30°C under
greenhouse conditions. Total RNA was extracted from
pooled breaking buds using a lithium chloride protocol
[80]. For the construction of RNA-seq libraries, all pro-
cedures were carried out according to Illumina’s instruc-
tions using the ‘TruSeq RNA Sample Prep v2 Low
Throughput (LT)’ kit. The libraries were paired-end se-
quenced on the Illumina system (HiScanSQ) (GA3 –
ESALQ-USP). Sequencing reads were mapped using the
Burrows-Wheeler Aligner BWA [81] and the SAM tools
[82]. The RNA-seq library can be accessed in the NCBI
high-throughput DNA and RNA sequence read archive
under the accession number [SRA: SRX500284].

S6pp tandem gene duplication network analysis
The evolutionary relationship of the putative tandem
gene duplication of the s6pp loci in two clones S.
spontaneum (Mandalay and IN8458), one S. officinarium
(Badila), and 11 modern sugarcane hybrid cultivars (R570,
SP80-3280, SP70-1143, RB835486, RB72454, RB867515,
Co-290, POJ2878, NCo-310, NA5679 and SP81-3250),
one Miscanthus species, and the sorghum genome was
evaluated by sequencing and network analysis. The 1539 bp
region was first identified in the SHCRBa_104_G22 BAC
(position 2977 to 4515, Additional file 14: Figure S8). Se-
quence for the sorghum genome was taken from published
sequence (3,984,822 to 3,988,630 nt in chromosome_9).
The primers 2995 F and 4500R, were used to amplify the
fragment from the other cultivars and species (Additional
file 14: Figure S8). PCR reactions were performed in a final
volume of 25 μL, using 50 ng of genomic DNA, 0.4 μM of
each primer, 0.2 mM of each dNTP, and 0.5 μL Elongase
Enzyme Mix (Invitrogen) in 0.5 X PCR buffer A and 0.5 X
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PCR buffer B. The cycling parameters used for amplifica-
tion were: 94°C for 10 min for initial denaturation, 35 cycles
of 94°C for 30 sec, 55°C for 30 sec, and 68°C for 6 min. The
fragments obtained were purified directly from the PCR
product, using the NucleoSpin Extract II (Macherey-Nagel),
and cloned into the pGEM-T EasyVector System (Promega).
Seven to 15 randomly chosen clones from each sample
were automatically sequenced in an ABI PRISM 3730
(Applied Biosystems) using the primers M13F and M13R,
and the six internal primers (Additional file 14: Figure S8).
The following PCR conditions were used: in a final volume
of 10 μL, 300 ng of plasmid DNA, 1 μM of each primer,
2 μL of BigDye Terminator v3.1 (Applied Biosystems) in 1
X BigDye buffer. Sequence alignment was performed
using Clustal W [83] and the reduced median-joining net-
work analysis using the NETWORK 4.5.1.0 software with
default parameters [84]. The sequences and alignments
are available on request.

Availability of supporting data
The BAC sequence data set supporting the results of this
article is available in the GenBank repository [KF184657 to
KF184973 at http://www.ncbi.nlm.nih.gov/genbank], in the
CoGe website [Saccharum hybrid cultivar R570 (id23984)
in https://genomevolution.org/CoGe/] and in the GaTElab
website, as a GBrowser search tool [https://gate.ib.usp.br/
GateWeb/en/gbrowse-pagina]. The RNA-seq library data
set is available in the Sequence Read Archive (SRA) reposi-
tory [SRX500284 in http://www.ncbi.nlm.nih.gov/sra].

Additional files

Additional file 1: Figure S1. Schematic diagram of evolutionary history
of grasses and sugarcane. BEP clade: Bambusoideae, Ehrhartoideae and
Pooideae subfamilies. Numbers indicate divergence times [85].

Additional file 2: Table S1. Summary of BAC selection and sequencing
data. For each BAC, the selection method and marker used to select the
BAC, the number of reads, mean read length, mean sequencing quality,
coverage, number of contigs and the length of the BAC is shown. *:
BACs sequenced using Sanger method; na: not applicable.

Additional file 3: Table S2. Transposable element annotation for each
BAC. Annotation was performed using RepeatMasker [54] against the
Viridiplantae Repbase database [9] and sugarcane LTR retrotransposons [10].

Additional file 4: Table S3. Summary of repeat content of sugarcane
BACs.

Additional file 5: Figure S2. Distribution of Blast2GO annotations of
protein-coding sequences. The chart shows level 2 annotations for
A) Biological Processes, B) Molecular Function and C) Cellular Components.

Additional file 6: Figure S3. BLASTp best match distribution by species
of the sugarcane putative protein-coding gene collection against the
NCBI nr database. The species with the highest number of top-hits is
S. bicolor, with 908 matches.

Additional file 7: Figure S4. Annotation of sugarcane predicted
protein-coding genes according to the 17 functional categories used in
the sugarcane transcriptome study. The classification was done using the
BLAST2GO tool (e-value < e−10). The 18th category “mobile genetic
elements” proposed by Vettore et al. [8] was not included in this analysis
since TE-derived genes were not included in the gene annotation.
Additional file 8: Figure S5. KeggMapper plot showing global
metabolic pathways. Red lines indicate reactions for which predicted
enzyme-coding genes were identified by sugarcane SASs, blue line
indicate those identified by CDSs from sugarcane BACs and pink lines
indicate those identified by both SASs and CDSs. Note that a single line
may represent more than one match.

Additional file 9: Table S4. Detailed results for the KeggMapper study.
EC numbers are given for predicted enzyme coding genes identified
from SASs, CDS in BACs and from both SASs and CDS.

Additional file 10: Table S5. Detailed annotation of the sucrose and
starch pathway genes and RNA-seq mapping.

Additional file 11: Figure S6. Global overview of sRNA mapping along
sugarcane BACs. The horizontal colored bars shows extent of coverage.
The colours of the bars are scaled from low (dark blue) to medium
(green) to high (red). The rDNA BAC (SHCRBa_039_D18) has the highest
number of sRNAs mapped.

Additional file 12: Figure S7. Structural organization and chromosomal
location of the rDNA and the pericentromeric and/or centromeric BACs. A.
Structure of the 45S ribosomal transcription unit identified in BAC
(SCHRBa_039_D18). The BAC consists of 14 copies of the unit, one in reverse
orientation to the other 13. ITS = internal transcribed spacer, ETS = external
transcribed spacer, IGS = intergenic spacer. B. Simplified schematic of the
centromeric BAC (SCHRBa_239_N21). The LTRs of the LTR retrotranspons are
shown as arrows, the internal domains as squares. Each LTR retrotransposon is
numbered consecutively. Black arrows indicate the location of the insertion of
one element into another. ‘COPIA’ is an unidentified Copia-like element. C.
Localization of the ribosomal (SCHRBa_039_D18) and pericentromeric/
centromeric (SCHRBa_239_N21) BACs to metaphases from root tips of the
sugarcane cultivar R570. Metaphases are counterstained with DAPI (blue). The
centromeric BAC was detected with anti-digoxigenin-rhodamine (red), the
ribosomal BAC with NeutrAvidin-Oregon Green-488 (green).

Additional file 13: Table S6. Detailed colinearity study between
sugarcane BACs with sorghum genome. Alternate white and gray blocks
are used to visually separate BACs and double-lines indicate break of
perfect colinearity.

Additional file 14: Figure S8. Location of the primers used to amplify
the s6pp tandem gene duplication region. A 1539 bp fragment spanning
the region was amplified from S. spontaneum, S. officinarum, modern
sugarcane hybrid cultivars, Miscanthus sp. and sorghum using the primer
pair 2995F and 4500R. All other primers are internal sequencing primers.
Black bars indicate the two s6pp genes. 2995F: 5′ GCA GGG AGC GAG
CAC ACG TT 3′, 4500R: 5′ TCG GTG CTC TCC CCT GCG AA 3′, 3223F: 5′
ACG ACC TTG CCT CTC TGT TG 3′, 4231R: 5′ TCA ACT TGT GAG GGA
GAG CA 3′, 3404F: 5′ CAA TCG CTG TCG ATG GTG GC 3′, 4144R: 5′ CTG
GCT GTA TCC GTA CAG AGG 3′, 3618R: 5′ AAG CTC TTG CCA GGA TTG
CT 3′ and 3811F: 5′ GGC CGA GTT CTC CCA TGA TT 3′.

Abbreviations
CDS: Coding DNA sequence; CRM: Centromeric-specific retrotransposon of
maize; GO: Gene Ontology; IGS: InterGenic spacer; ITS: Internal transcribed
spacer; miRNA: microRNA; MITE: Miniature inverted-repeat transposable
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