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Abstract Sugarcane is the most important crop for sugar
industry and raw material for bioethanol. Here we present a
quantitative analysis of the gene content from publicly available sugarcane ESTs. The current sugarcane EST collection
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sampled orthologs for ~58 % of the closely-related sorghum
proteome, suggesting that more than 10,000 sugarcane
coding-genes remain undiscovered. Moreover the existence
of more than 2,000 ncRNAs conserved between sugarcane
and sorghum was revealed, among which over 500 are also
detected in rice, supporting the existence of hundreds of
conserved ncRNAs in grasses. New efforts towards sugarcane
transcriptome sequencing were needed to sample the missing
coding-genes as well as to expand the catalog of ncRNAs.
Keywords . ncRNAs . Orthology . Sorghum . Sugarcane .
Transcriptome

Introduction
Sugarcane (Saccharum spp. L., Poaceae) is a C4 sucroseaccumulating grass, the most important crop for sugar industry
(Lam et al. 2009) and probably the most successful bioenergy
raw material nowadays been widely used in the production of
bioethanol in Brazil (Moore 1995; Goldemberg 2006). Modern
Saccharum hybrids are highly polyploid and aneuploid with
chromosome numbers in somatic cells ranging from 100 to
130. This complex genome is derived from a few crosses
between the sucrose-accumulating Saccharum officinarum L.
(2n08x080) and the disease-resistant but low sucrose content
S. spontaneum L. (2n05x to 12x040–128). Cultivars are vegetatively propagated and result from selection in populations
derived from crosses between outcrossing heterozygous
parents (Daniels and Roach 1987; Grivet et al. 2004; Garcia
et al. 2006). Current sugarcane cultivars are estimated to possess 80–90 % of the genome from S. officinarum and 10–20 %
from S. spontaneum (Grivet et al. 1996; Hoarau et al. 2002;
D’Hont 2005; Piperidis et al. 2010). Sugarcane’s basic monoploid genome ranges between 760 Mb and 930 Mb depending
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on the cultivar breeding history, which represents more than
twice the size of rice genome (389 Mb) and is close to sorghum
(730 Mb) (D’Hont & Glaszmann 2001). Analyses of haplotype
organization suggest that despite the elevated ploidy sugarcane’s monoploid genome is highly conserved with sorghum
in terms of gene retention and colinearity (Jannoo et al. 2007;
Garsmeur et al. 2011). This result makes sorghum the most
obvious model choice for sugarcane genomics.
In the last ten years, several sugarcane ESTs collections
have been developed (Casu et al. 2001; Carson and Botha
2002; Carson et al. 2002; Casu et al. 2003; Vettore et al. 2003;
Ma et al. 2004; Bower et al. 2005; Gupta et al. 2010). The
publicly available sugarcane ESTs were assembled into tentative consensus sequences referred to as the Sugarcane Gene
Index, mainly composed by sequences from the Brazilian
sugarcane EST project (SUCEST; Vettore et al. 2003). The
SUCEST project generated 237,954 ESTs, which were organized into 43,141 putative unique sugarcane transcripts referred to as Sugarcane-Assembled Sequences (SASs). These
ESTs were used to develop molecular markers such as microsatellite (SSR) and single nucleotide polymorphisms (SNPs),
which were successfully used to produce linkage maps and
identify QTL for important agronomical traits (Oliveira et al.
2007; Pastina et al. 2010; Somerville et al. 2010). Whether this
ESTs collection represents the complete set of sugarcane
genes is unclear since around 60 % of the SASs present an
average two-fold redundancy with Arabidopsis proteome
(Menossi et al. 2008). Whether this degree of redundancy
could be attributed to the high degree of ploidy/aneuploidy
found in sugarcane genome still needs to be further investigated. In order to improve the assessment of sugarcane genes
in public ESTs we performed a comparative analysis of the
sugarcane ESTs against sorghum and rice genomes.
Our approach uses orthology assignment based on highthroughput amino acids maximum-likelihood (ML) phylogenetic analysis, to identify sugarcane’s sorghum and rice possible
orthologs along with a complementary nucleotide mapping of
sugarcane sequences against sorghum chromosomes. This strategy estimated the sugarcane sampled genes as corresponding to
only ~58 % of the predicted sorghum proteome, and uncovers
the possibility that more than two thousand putative non-coding
RNAs (ncRNAs) are conserved between sugarcane and sorghum, been a quarter possibly shared by rice.

Results and Discussion
Sugarcane EST Collections
All sugarcane ESTs were compiled as the Sugarcane Gene
Index database SoGI (http://compbio.dfci.harvard.edu/cgibin/tgi/gimain.pl?gudb0s_officinarum). The current version
(3.0) of SoGI contains 121,342 unique sequences of which

only 7,587 singletons and 1,192 tentative consensuses are
composed exclusively of ESTs not generated by SUCEST
project (~7 %). Although SoGI integrates all published
sequences, its clustering strategy produces redundant clusters. This aspect makes the use of a less redundant assemblage strategy, like the one implemented by SUCEST, more
appropriate for an orthology-based analysis. A detailed
study on sugarcane’s Adh genes using SNPs (Grivet et al.
2003) suggested that the SUCEST assembly does not merge
the paralogous genes into chimeric clusters, which reinforces the reliability of the SASs in a gene-content study where
the discrimination between paralogous genes is of critical
importance.
In order to obtain a less redundant dataset that includes
sequences that were not sampled by SUCEST, we performed a blastn alignment of the 43,141 SASs against the
set of 8,779 sequences from SoGI composed exclusively by
ESTs not generated by the SUCEST project. This step
resulted in a set of 8,106 sequences lacking detectable
similarity to SASs (e-value cutoff<e−5). We generated a
new dataset that integrates the SAS with the latter set leading to 51,247 consolidated clusters (Fig. 1) that will referred
to as CSCs (Consolidated Sugarcane Clusters).
Estimation of the Non-Redundant Protein-Coding Gene set
in Sugarcane EST Collections
To further contribute with the prediction of the nonredundant set of genes that were sampled by sugarcane
ESTs we focused on assigning orthology of the CSC to
proteins of sorghum which is the sugarcane closest related
grass species whose genome has been sequenced. Since
sugarcane and sorghum lineages have diverged recently
(5–9 million years ago; Ming et al. 1998; Jannoo et al.
2007) it is reasonable to assume that the monoploid set of
genes from sugarcane and sorghum is highly conserved.
This assumption is further supported by a recent study that
compared sugarcane and sorghum homologous genomic
regions (Garsmeur et al. 2011).
To infer orthologous relationships we designed an algorithm that starts with a blastx search of CSC (51,247 sequences) against the sorghum and rice predicted proteomes
(Fig. 1a). This initial step produced blastx alignments (evalue cutoff<e−5) against sorghum proteome for 38,405
CSC (~75 %). An additional set of 900 CSC (~1.7 %)
produced positive hits exclusively against rice proteins. This
first step revealed that ~77 % (39,305) of the CSC collection is
most likely derived from protein-coding genes (Fig. 1a). The
remaining 11,942 CSC were compared by blastx against
NCBI’s NR database (e-value cutoff<e−5) resulting in 2127
positive hits and 9815 no-hits. Among the positive hits 1,826
(~85 %) CSC had a non-Embryophyta (land plants) sequence
as best hit. This later set was considered as corresponding to
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Fig. 1 Estimation of the nonredundant gene content of sugarcane ESTs. (a) Schematic diagram describing the different
filters applied to obtain the list
of putative non-redundant sugarcane coding-genes and (b) the
mapping of sugarcane sequences without detectable protein
similarity to the sorghum genome. We identified 20,097
putative non-redundant codinggenes and 2,214 putative noncoding RNAs. (c) The sequence
size distribution of the ncRNAs
shown by frequency plot

non-plant contaminants and removed from subsequent analyses. All the remaining CSC lacking blastx positive hits
(10,116; Fig. 1b) were analysed by mapping to sorghum
genome and will be further discussed in the next section.
The next step of the algorithm was to separate the CSC
that produced a single blastx hit against sorghum or rice
proteomes (6,942 or ~17.6 %) from those producing multiple hits (32,363 or 82.4 %). CSC from the first category
were directly defined as orthologs to its unique sorghum or
rice blastx hit which resulted in the assignment of 6,336
sugarcane CSC to 4,412 sorghum protein-coding orthologs
(~43 % redundancy) and 606 sugarcane unigenes lacking
sorghum blastx hits which were assigned to 477 rice orthologs (~27 % redundancy) (Fig. 1a).
Each one of the CSC producing multiple blastx hits went
through a one-by-one ML phylogenetic analysis along with
its 40 first sorghum and rice blastx hits. All phylogenetic
analyses were done with amino acid sequences. The CSC
were assigned to its closest sorghum or rice ortholog in the
resulting phylogenetic trees. Whenever a CSC (4,744
sequences or ~14.6 %) was included in a clade containing
multiple sorghum or rice putative paralogs, an additional
step was performed in order to define a single ortholog such

as to increase the resolution of the analysis (i.e. to limit
overestimation). This additional analytic step essentially
consisted in producing a distance matrix using WAG plus
gamma substitution model among the sequences belonging
to such clades and the closest sorghum or rice sequence
within the clade was assigned as ortholog to the CSC
under analysis. This process allowed us to assign 32,069
CSC to 17,498 sorghum orthologs (~83 % redundancy)
and 294 CSC to 245 rice orthologs (~19 % redundancy)
(Fig. 1a).
More than half (~53 %) of the CSC that produced a single
blastx hit in the first step was assigned to the same sorghum
(or rice) orthologs as CSC producing multiple blastx hits.
This occurred mainly with CSC containing just a small part
of the entire protein that due to our blastx e-value cutoff (e-5)
produced just one alignment below the threshold. The final
estimation of the coding-gene content of sugarcane public
ESTs was obtained by removing the redundancy between
the set of orthologs assigned by blastx (single-hit CSC) and
the set assigned by ML analysis. Based on the orthology
assignment to sorghum and rice, we estimated that the CSC
derived from coding-genes (39,305 sequences) sampled
20,040 unique protein-coding orthologs implying ~96 %

Tropical Plant Biol.

of internal redundancy. The total number of sorghum orthologs sampled represents ~58 % of its predicted proteome
(34,496 unique coding-genes; http://genome.jgi.doe.gov/
Sorbi1/Sorbi1.info.html). This estimation highlights a significant degree of redundancy among the public available
sugarcane ESTs collection and points to the necessity of
new sequencing efforts.
A Set of Conserved Potential ncRNAs was Revealed
by Mapping Sugarcane Unigenes to Sorghum Genome
The 10,116 CSC lacking positive blastx hits against sorghum and rice predicted proteomes were further analyzed by
mapping them to sorghum chromosomes using SIM4
(Florea et al. 1998) (Fig. 1b). To limit the number of false
positives we applied a filter that recovered the CSC that had
a minimum of 70 % of its sequence aligned to the same
locus of the sorghum genome (Fig. 1b). Under this criterion
2,651 CSC were retained (7,465 were discarded) and further
analysed to define their location relative to the sorghum
annotated genes. Among this later set of sequences 271
CSC overlapped with 253 annotated sorghum codinggenes, of which just 56 represented previously unidentified
sorghum orthologs (Fig. 1a) and it represents a marginal
increment to the first assessment, leading to 20,097 unique
sampled protein-coding orthologs (Fig. 1, Table S1). The
remaining 2,380 CSC were mapped to ‘intergenic’ loci
within the sorghum genome (Table S2). Any independent
CSC overlapping by at least one nucleotide at the same
sorghum locus were merged resulting in 2,214 possibly
unique ncRNAs loci conserved with sorghum (redundancy
of ~7,5 %; Fig. 1b). The size distribution of these noncoding CSCs shows that 54 % of them are longer than
500 pb (Fig. 1c). Furthermore, a blastn search against rice
chromosomes (e-value cutoff < e−5) was performed and
revealed that 533 out of the 2,214 conserved sugarcane/
sorghum ncRNAs (~24 %) were also detected suggesting
that at least some of these putative ncRNAs are conserved
among grasses and are therefore relevant in grass biology.
None of the sugarcane miRNA precursors previously
reported (Zanca et al. 2010) were recovered in our analysis
due to low sequence alignment with sorghum counterparts.
We found out that ~18 % of the sugarcane/sorghum
conserved ncRNA (440 sequences) presented a perfect
match with at least one 23-25nt small RNA (sRNA) read
from a sugarcane leaf sRNA library (42,218 mapped
Illumina® reads out of 2,567,356). When using an arbitrary
criterion of at least 15 perfect matched sRNA, only 117
putative sugarcane/sorghum ncRNAs were retained and 63
of them are also detected in rice (Table S2). Whether these
putative ncRNAs are the precursors of the perfect matched
sRNAs (cis action) or they are produced by other loci and
act in trans remains an open question.

A more detailed analysis of the 13 ncRNA most enriched
in perfectly matched sRNAs (i.e., >1,000 sRNAs) revealed a
phased distribution of sRNAs (Figure S1). In rice, this kind
of pattern was found to derive from miRNAs miR2118- and
miR2275-mediated cleavage of a target RNA to define the
starting point of the grass-specific Dicer-Like OsDCL3b–
mediated production of phased 24-nt sRNAs (Johnson et al.
2009; Song et al. 2011) in a way resembling the biogenesis
of the 21-nt trans-acting siRNAs (Yoshikawa et al. 2005).
The mechanism of biogenesis of the phased 24-nt sRNAs
also appears to be conserved in maize (Johnson et al. 2009)
and our data suggests it is conserved in sugarcane. The
function of these grass-specific 24-nt phased sRNAs is still
to be explored.
We compared the whole set of sugarcane putative ncRNAs
against the TIGR Plant Repeat Databases (Ouyang and Buell
2004) and only 93 positive hits (~4 %, blastn e-value
cutoff < e-5, Table S3) were found. This proportion is near
10 times higher in the sRNA-enriched set of ncRNAs (>15
perfect matched sRNA; 46 out of 117 or ~39 %). Performing
the same search for repeats and low complexity sequences
using the RepeatMasker software (http://www.repeatmasker.
org) we obtained 369 positive hits for the whole set (~15.5 %,
Table S4) and 85 among the sRNA-enriched sugarcane
ncRNAs (~72 % or ~4.6 times higher). This latter result
suggests that the pool of sRNA-enriched ncRNAs is
enriched in repetitive and/or transposable element (TE)derived sequences. Whether the remaining ncRNAs represent new TEs or even Pol IV-transcribed sequences remain
to be defined.
Coverage of the Sorghum Exome by Sugarcane ESTs
We have shown in the previous sections that the publicly
available sugarcane transcriptome could be linked to 20,097
out of 34,496 (~58 %) sorghum coding-genes. To access the
completeness of the sugarcane sequences we mapped all the
sugarcane CSC to the sorghum genome using SIM4 and
recovered only the best alignment for each CSC. We limited
the analysis to the CSC aligned to the sorghum exome that
summed 17.654.812 aligned bases. This latter number corresponds to ~40 % of the sorghum exome (48.348.706 nucleotides within 34,496 coding-genes). Normalizing the coverage
by the number of sampled sugarcane orthologs (20,097) we
found an average coverage of ~63 % relative to the sorghum
orthologs.

Conclusions
Our comparative approach leads to the conclusion that the
publicly available EST collection for sugarcane accounts
with orthologs sampled for at least ~58 % of the predicted
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sorghum proteome. Significantly, we also found more than
two thousand conserved sugarcane/sorghum putative
ncRNAs, of which 553 also have some degree of conservation in the rice genome. We were able to show that a subset
of these putative ncRNAs has a considerable number of
perfect matched 23-25nt sRNAs from a library of sugarcane
leaf-expressed sRNAs. Some of these ncRNA may correspond to TEs while the function of most of them remains to
be investigated with special attention to their involvement in
epigenetic-related processes (Mattick 2001; Mattick 2005;
Mattick and Makunin 2006; Mercer et al. 2009; Ben Amor
et al. 2009; Matzke et al. 2009; De Lucia and Dean 2011;
Zhu and Wang 2012). We also show that the total coverage
of the sorghum exome by the sugarcane coding-sequences
available up to now is ~40 % and the average coverage of
the sampled orthologs is ~63 %. The fact that possibly more
than ten thousand sugarcane coding-genes are undiscovered
shows the need of new sequencing efforts of sugarcane
transcriptome to increase the panel of possible molecular
markers and sequence information for sugarcane breeding
programs and biotechnological improvement.

Materials and Methods
Public Sequence Datasets
The SASs (Vettore et al. 2003) were obtained from Sugarcane
Functional Genomics Database (http://www.sucest-fun.org/)
and are available for download, including the option of batch
downloading (https://sucest-fun.org/cgi-bin/cane_regnet/
sucamet/search_transcript.cgi). The Sugarcane Gene Index
sequences were obtained from The Gene Index Project
(http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?
gudb0s_officinarum) and the Sorghum bicolor (Paterson et al.
2009) and Oryza sativa (Yu et al. 2002) complete genomic
sequences were downloaded from Phytozome (http://
www.phytozome.net/). Oryza sativa and Sorghum bicolor
protein data sets were obtained from the Rice Genome
Annotation Project (version 5.0, http://rice.plantbiology.
msu.edu) and DOE JGI's Sorghum bicolor (version 1.4, http://
genome.jgi-psf.org/Sorbi1/Sorbi1.home.html), respectively.
Consolidated Sugarcane Clusters Phylogenetic Analyses
Blastx searches using the Consolidated Sugarcane Clusters
(CSC; see description in Results and Discussion) as queries
were performed against the predicted rice and sorghum
proteomes, and the CSC coding-sequences were deduced
from the amino acids alignment with the blastx best-match
(sorghum or rice). Whenever a CSC was aligned in more
than one frame with its blastx best hit (i.e. frameshifts;
~20 % of the protein-coding CSC) we recovered the aligned

blocks with e-value below e-5 to produce a concatenated
sequence keeping the same order of the aligned blocks in
relation to its best hit. The average coverage over the sorghum counterparts of these concatenated proteins inferred
by this method was 76 %.
The translated CSC were then aligned with the 40 first
blastx hits from sorghum and/or rice by MAFFT (Katoh et
al. 2005) using default parameters. The phylogenetic relationship of the aligned protein sequences was then inferred
by ML using PhyML (Guindon et al. 2010) with WAG plus
gamma substitution model and aLTR test.
Estimation of the Non-Redundant Coding-Gene set
in Consolidated Sugarcane Clusters
The set of phylogenetic trees generated was analysed by
a script that searches for the closest sorghum protein
sequence to each of the inputted CSC in a given phylogenetic tree to assign ortologous relationships. Similarly,
the CSC that only had blastx hits with rice proteins were
assigned to the phylogenetically closest rice sequences.
We estimated the redundancy among the CSC by merging different CSC that were assigned as orthologs to the
same sorghum or rice protein. A marginal proportion of
the whole set of sugarcane coding-genes comes from
blastx no-hit sequences that were mapped into a sorghum
coding-gene as described below.
Consolidated Sugarcane Clusters Sequences Mapping
to Sorghum Genome
We used the SIM4 software (Florea et al. 1998) to align the
CSC against sorghum genome. Only CSCs without protein
similarity and with >70 % of its total length aligned to a
single locus were retained. We removed potential redundancies merging different CSC that overlapped (at least one
nucleotide) over their best alignment on the sorghum
genome.
Small RNA Library Construction and Bioinformatic
Analysis
To evaluate the small RNA landscape of putative sugarcane
ncRNAs, we analyzed Illumina® sequences from a small
RNA library generated from leaves of 1-month old SP803280 sugarcane cultivar plants, grown under greenhouse
conditions. Ten micrograms of total RNA, prepared using
TRizol reagent (Invitrogen®) according to the manufacturer’s instructions, were used to generate a sRNA library
following Illumina’s modified protocol. The sRNA fraction
of 19–28 nt was purified by size fractionation on a 15 %
TBE–Urea polyacrylamide gel. A 5`-adenylated singlestranded adapter was first ligated to the 3’-end of the
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sRNAs using T4 RNA ligase without ATP, followed by a
second single-stranded adapter ligation at the 5’-end of the
RNA using T4 RNA ligase in the presence of ATP. The
resulting products were fractioned on a 10 % TBE–Urea
polyacrylamide gel and then used for cDNA synthesis and
PCR amplification. The resulting library was sequenced on an
Illumina® Genome Analyzer (GA-IIx) following the manufacturer’s protocol available at http://www.fasteris.com. Raw
sequences were retrieved in a FASTQ formatted file and the
adapter sequences were removed using Perl® scripts. After
trimming of the adapter sequences, we used the software
MAQ (http://maq.sourceforge.net) to map 23–25 nt sRNA
reads against the CSC representing the set of putative sugarcane ncRNAs. A total of 42,218 high quality raw sequences of
23 to 25 nucleotides shows perfect match against the sugarcane putative ncRNAs, representing ~1.6 % of the whole
sRNA library (Supplemental File 1).
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