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Differential expression in leaves of
Saccharum genotypes contrasting in
biomass production provides evidence of
genes involved in carbon partitioning
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Abstract

Background: The development of biomass crops aims to meet industrial yield demands, in order to optimize
profitability and sustainability. Achieving these goals in an energy crop like sugarcane relies on breeding for sucrose
accumulation, fiber content and stalk number. To expand the understanding of the biological pathways related to
these traits, we evaluated gene expression of two groups of genotypes contrasting in biomass composition.

Results: First visible dewlap leaves were collected from 12 genotypes, six per group, to perform RNA-Seq. We
found a high number of differentially expressed genes, showing how hybridization in a complex polyploid system
caused extensive modifications in genome functioning. We found evidence that differences in transposition and
defense related genes may arise due to the complex nature of the polyploid Saccharum genomes. Genotypes
within both biomass groups showed substantial variability in genes involved in photosynthesis. However, most
genes coding for photosystem components or those coding for phosphoenolpyruvate carboxylases (PEPCs) were
upregulated in the high biomass group. Sucrose synthase (SuSy) coding genes were upregulated in the low biomass
group, showing that this enzyme class can be involved with sucrose synthesis in leaves, similarly to sucrose
phosphate synthase (SPS) and sucrose phosphate phosphatase (SPP). Genes in pathways related to biosynthesis of cell
wall components and expansins coding genes showed low average expression levels and were mostly upregulated
in the high biomass group.

Conclusions: Together, these results show differences in carbohydrate synthesis and carbon partitioning in the
source tissue of distinct phenotypic groups. Our data from sugarcane leaves revealed how hybridization in a
complex polyploid system resulted in noticeably different transcriptomic profiles between contrasting genotypes.
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Background
Bioenergy crops are cultivable species with favorable
traits as feedstocks for the production of energy [1]. One
such biofuel is ethanol, which is produced from the con-
version of plant carbohydrates. The disaccharide sucrose
is easily converted into ethanol by fermentation, but
starch and lignocellulosic polymers have to be converted
into monosaccharides prior to fermentation [1, 2].
Lignocellulosic biomass must be disrupted with enzym-
atic or physical methods as a pretreatment to form a hy-
drolysable material [2]. Sugarcane culms have been used
to produce ethanol from sugar juice fermentation and
bagasse, which is also burned to generate electricity. As
a result, sugarcane leaves form part of the straw
remaining in the field after harvesting. This residual can
be used as a biomass source in mills or deposited on the
soil to form organic matter. Thus, leaves are a potential
biomass supplement to increase the energy supply [3, 4].
Sugarcane species are members of the genus Sac-

charum, of the Poaceae family. There are two ancestral
species, S. robustum and S. spontaneum. The former was
the ancestor of the cultivated S. officinarum and S. edule
[5, 6]. Other two cultivated species, S. barberi and S.
sinense, are derived from crosses between S. officinarum
and S. spontaneum [5, 6]. Genotypes of S. officinarum
were used for cultivation due to their high capacity to
produce and store sucrose. Sugarcane stalks are the pri-
mary source of sucrose for industrial purposes and have
historically been the main target of breeding efforts [7].
Later, crosses of S. officinarum with S. spontaneum were
proposed to avoid abiotic and biotic stresses. Recently,
breeding programs have directed efforts to obtain more
fibrous genotypes - the so-called energy canes. Because
wild genotypes show substantial variability [8, 9], they
can be used as a source to introgress traits such as fiber
content and stalk number, increasing total biomass yield
[10].
Modern sugarcane breeding can benefit from a mo-

lecular framework to unravel the underlying genetic
basis of important traits. Polyploidy is an inherent char-
acteristic of the Saccharum genomes, with S. officinarum
presenting 80 chromosomes (2n = 8x = 80) and ancient
genotypes with a large chromosome number variation
[11]. More than 80% of the chromosomes of modern hy-
brids come from S. officinarum, 10–20% from S. sponta-
neum and the remaining are recombinants. There is also
aneuploidy in the homeologous groups [12]. The high
ploidy in cultivars results in a complex genome of 10
Gbp, that can be represented by an x = 10 monoploid
genome [6]. Despite this genomic complexity, progress
has been achieved in understanding the role of proteins
in carbon partitioning to sucrose or cell wall. Several
studies have investigated gene expression to improve un-
derstanding of changes in pathways among different

plant parts. This has identified the expression of en-
zymes involved in sucrose metabolism [13, 14], like su-
crose synthase, that can show organ-specific expression
patterns [15, 16]. The expression of genes coding pro-
teins related to cellulose, hemicellulose and lignin me-
tabolism was explored by comparing genotypes
contrasting in biomass or in cell wall-related traits [17,
18]. Genes coding for enzymes of the lignin pathway
were stimulated in a high-biomass genotype [18], and
their expression levels were higher in bottom rather than
top internodes [17]. Singh and colleagues [19] found that
high-biomass genotypes of an F2 population were more
photosynthetically active, as a result of the upregulation
of genes coding for photorespiration, Calvin cycle and
light reaction proteins.
A wide range of functional categories have been found

in studies of gene expression in sugarcane leaves includ-
ing transporter activity, regulation, response to stimulus
and to stress [14, 20]. In addition to their direct use as a
biomass source, leaves are the source tissue with which
plants produce photoassimilates used to maintain leaf
activities and for cell wall synthesis or sucrose accumula-
tion in vacuoles of the stalks and sink organs [21]. De-
termining the regulation of genes functionally related to
biomass-associated traits has value for potential biotech-
nological applications [1]. To achieve this, we must en-
hance our knowledge about genes involved in processes
of carbohydrate metabolism, especially those related to
production of sucrose and lignocellulosic components.
To that end, we evaluated the transcriptomes of twelve
diverse sugarcane genotypes divided into two contrasting
biomass groups. The broad diversity of these genotypes
is reflected by the presence of four S. spontaneum, a S.
robustum, two S. officinarum representatives and five hy-
brid cultivars. The five hybrid cultivars come from dif-
ferent genetic backgrounds, from breeding programs in
Argentina, Brazil and the United States. In addition to
investigating differential gene expression between the
two groups, we aimed to identify biological processes
that differed between the genotypes within each group.

Results
Data summary
Leaf samples were collected from field-grown plants
with six months of age, from twelve different genotypes
assigned to two groups contrasting in sucrose-associated
traits - soluble solids content, sucrose and purity - and
biomass-associated traits - fiber content and number of
stalks (Fig. 1 and Additional file 1 - Figure 1). These fig-
ures show a group with four S. spontaneum representa-
tives - IN84–58, IN84–88, Krakatau and SES205A -, the
S. robustum genotype IJ76–318 and the hybrid US85–
1008. The second group was formed by genotypes that
have higher sucrose levels in culms: two S. officinarum
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genotypes - White Transparent and Criolla Rayada -, the
hybrid TUC71–7 and more modern hybrids - RB72454,
SP80–3280, and RB855156. For simplicity, we will refer
to the main difference between the two groups in terms
of biomass. Therefore, these genotypes were chosen to
include accessions of different Saccharum species to
form two groups contrasting in biomass content. Al-
though cytogenetic information is limited for sugarcane
genotypes, we do expect differences in chromosome
numbers and ploidy level among them. Most hybrids,
with the exception of US85–1008, have a larger number
of S. officinarum chromosomes and a minor and variable
contribution of S. spontaneum, likely with a basic
chromosome number of x = 10 [22]. The basic chromo-
some number of S. officinarum is also x = 10, but differ-
ent numbers have been verified in S. spontaneum [22].
Ploidy levels and interspecific hybridization have the po-
tential to affect gene expression patterns, in addition to
mechanisms of transcriptional control and epigenetic
factors [23, 24]. Nevertheless, our study aimed to find
direct associations between transcript abundance and
phenotypic traits, without trying to identify the upstream

causes of differences in gene expression levels. Our ana-
lyses do not depend on prior knowledge about the ploidy
of each accession, but we note that variation in chromo-
some copy counts are possible causes for similarities or
differences between particular genotypes.
The mapping rate of sequenced libraries ranged from

80.52 to 85.37% (Table 1 in Additional file 3). To
characterize the variability in the expression profiles, we
initially assessed the distances between samples based on
gene expression levels, using the multidimensional scal-
ing plot to identify clusters. We noted that clonal geno-
type replicates were close to each other, as expected
(Fig. 2). As was the case for phenotypic traits (Fig. 1 in
Additional file 1), the first dimension basically separated
the high and low biomass groups, and genotypes of the
former were farther from each other, revealing higher
gene expression variability within the high biomass
group. US85–1008 samples clustered between the two
groups, apparently reflecting the origin of this genotype
in a breeding program. Investigation of the low biomass
group (Fig. 2) showed that RB855156 was close to
TUC71–7, most likely because it was originated as a

Fig. 1 Dendrogram of the twelve sugarcane genotypes based on phenotypic traits. We performed a hierarchical clustering of the genotypes
based on Euclidean distances calculated for all evaluated traits. Points at the bottom represent the gradient of the scaled phenotypic measures of
each accession, where larger green points represent higher phenotypic values. The measured phenotypic traits include: content of soluble solids
in the cane juice (°Brix); polarization or sucrose percentage in the juice (POL % Juice); percentage of sucrose in the total solids of the juice
(Purity); percentage of fiber in the bagasse (Fiber); and the number of stalks in each plot
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hybrid between RB72454 and TUC71–7. In fact, the Bra-
zilian hybrids are closely related, because RB72454 is the
offspring of CP53–76 (used as the maternal parent),
which is also the maternal grandfather of SP80–3280.
The second dimension separated the high biomass geno-
types in three sets: i) SES205A at the top; ii) Krakatau,
IN84–88 and US85–1008 in the middle; and iii) IN84–
58 and IJ76–318. Curiously, in the latter group, an ac-
cession classified as S. robustum (IJ76–318) grouped
closely with a S. spontaneum genotype. Variability within
the low biomass group is clearly verified if a third di-
mension is added (Fig. 1 in Additional file 3), in which
the most extreme genotypes were RB72454 and SP80–
3280 - phenotypically close to each other (Figure 1 in
Additional file 1). This result indicates that distances
among the low biomass genotypes are smaller than
among the high biomass accessions.
We first tested for differences in gene expression levels

between the two biomass groups, taking the high bio-
mass group as reference. This resulted in 10,903 down-
regulated and 10,171 upregulated genes in the low
biomass group. In this model, the dispersion estimate in-
cludes biological variation between all samples in both
groups. This resulted in a biological coefficient of vari-
ation (BCV) of 0.86. Although the test within the high
biomass group resulted in a BCV of 0.31, more genes
were deemed differentially expressed than comparing
the groups (Table 2 in Additional file 3). In accordance

to the similarity among genotypes, the test within the
low biomass group had a similar BCV (0.27) and the
lowest number of differentially expressed genes (DEGs)
among the three contrasts. Assessing the overlap be-
tween these lists of genes, the higher number of unique
DEGs occurred when testing for differences among the
high biomass genotypes (Figure 2 in Additional file 3),
which is consistent with the higher variability among
them.
Enrichment analysis was used to assess if functional cat-

egories are overrepresented among DEGs, giving evidence
of widespread changes in the transcriptional landscape of
biological pathways. Functional enrichment analysis with
DEGs from the comparison between biomass groups re-
vealed changes in translation and DNA integration –
which is a parent term of transposon integration in the
Gene Ontology (GO) hierarchy (Figure 3 in Additional file
3). The tests comparing genotypes within the two groups
showed many enriched GO terms related to transposition,
defense-related and carbohydrate-related (Figs. 3 and 4).
Differential expression of transposition-associated genes
was more marked when contrasting the two biomass
groups and within the high biomass genotypes (Figure 4
in Additional file 3). Also, the high biomass genotypes
showed significant differences in the expression level of
genes related to cell division, replication and post-
replication repair terms. On the other hand, in addition to
DEGs related to replication, transcription and kinases, the

Fig. 2 Multidimensional scaling plot to assess dissimilarities between samples. Points in blue represent the high biomass genotypes, while the
ones within the low biomass group members are tagged in orange. Different shapes represent different genotypes within each group. Note that
three genotypes in each group are represented by three clonal replicates
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Fig. 3 Bar chart of the number of DEGs in each enriched functional class for the differences within the high biomass group. Bars show the
number of differentially expressed genes in each Gene Ontology term. Smaller p-values are shown by darker green colors. Terms were grouped
by the categories BP (Biological Process), CC (Cellular Component) and MF (Molecular Function)
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test within the low biomass group revealed differences in
O-methyltransferase activity (Figure 4 in Additional file 3).
The molecular function glutathione transferase activity
was enriched in both within-group contrasts (Figs. 3 and
4). We also found changes in genes coding for proteins in-
volved in the response to salicylic acid in both tests.
A functional enrichment test performed with the com-

mon DEGs detected in the three contrasts corroborates
defense response and transposition, as well as gives

evidence of a possible genomic stress (Figure 5 in Add-
itional file 3). Using the 7350 DEGs in the pairwise inter-
section of within-groups contrasts, enrichment analysis
revealed changes in the synthesis of cell wall (Figure 6 in
Additional file 3).

Co-expressed genes and metabolic pathways
We identified 16 modules with co-expressed genes, with
the number of genes in each module ranging from 514

Fig. 4 Bar chart of the number of DEGs in each enriched functional class for the differences within the low biomass group. Bars show the
number of differentially expressed genes in each Gene Ontology term. Smaller p-values are shown by darker green colors. Terms were grouped
by the categories BP (Biological Process), CC (Cellular Component) and MF (Molecular Function)
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to 7814. Functional analyses among annotated co-
expressed genes in each set revealed enriched GO terms
in eleven of these modules (Table 3 in Additional file 3).
We identified an overlap of translation- and
transcription-related terms predominantly in modules
one and seven, such as those involved in the assembly of
ribosomal subunits, protein processing, protein degrad-
ation and processing of RNAs (Table 3 and Figure 7 in
Additional file 3).
Cellular components of chloroplasts were found in five

modules of the network: three, seven, eight, eleven and
sixteen (Table 3 in Additional file 3). Module 16 was
mostly formed by genes related to chloroplast, photo-
system and photosynthesis (Figure 7 in Additional file
3). This was the only module to show enrichment of re-
sponses to hormones (abscisic acid, cytokinin, ethylene
and gibberellin) and these DEGs were mainly repressed
in high biomass genotypes (Figure 8 in Additional file 3).
We noticed that many genes in module 16 showed high
absolute log fold change (LFC) values in all three con-
trasts, but to a lesser extent in the comparison between
S. officinarum and the low biomass hybrids (Figure 9 in
Additional file 3). This is explained by the expression
profile of the genes present in this module, for which
the expression level in the low biomass group was higher
and similar among the samples (Figure 10 in Additional
file 3).
The results of the comparison between the main

groups identified up and downregulated DEGs in all
metabolic processes provided by the MAPMAN4 func-
tional BINs (Figure 11 in Additional file 3). Many genes
involved in photophosphorylation were downregulated
in the low biomass group, annotated as components of
the photosystem II (Psb) proteins, photosystem I (Psa)
and cytochrome (Pet) subunits and photosystem I assem-
bly (YCF3 and YCF4) (Figure 12 in Additional file 3).
Other genes of the photosynthesis light reactions were
differentially expressed within the two groups, in both
cases consistently upregulated in the genotypes with the
lowest fiber content (Figure 13 and Figure 14 in Add-
itional file 3). However, genes coding for proteins acting
on C4/CAM photosynthesis were downregulated in
White Transparent (Figure 14 in Additional file 3). This
is in accordance with our co-expression analysis, where
many photosynthesis genes with high LFC were present
in low biomass genotypes and in US85–1008, but were
non-DE when White Transparent was compared to low
biomass hybrids (Figure 9 in Additional file 3). DEGs
coding for phosphoenolpyruvate carboxylase (PEPC)
were repressed in low biomass genotypes, being
expressed at similar levels in the high biomass accessions
(Figure 15 in Additional file 3).
Compared to the high biomass group, low biomass ge-

notypes showed lower expression of genes related to

secondary metabolism, such as those annotated to the
monolignol synthesis (Figure 16 in Additional file 3).
However, the MAPMAN4 lignin pathway revealed up-
regulation of certain enzymes in the low biomass geno-
types: phenylalanine ammonia lyase (PAL), caffeic acid
O-methyltransferase (COMT), 4-coumarate: CoA ligase
(4CL), cinnamyl-alcohol dehydrogenase (CAD) and a
β-glucosidase (Figure 17 in Additional file 3). US85–1008
and the wild S. spontaneum genotypes were similar in the
expression of genes coding for enzymes of the lignin
metabolism, with significant differences for five genes - a
4CL, a β-glucosidase, a Caffeoyl-CoA O-methyltransferase
and two cinnamoyl-Coa reductases (CCR) (Figure 18 in
Additional file 3).
We observed that many genes coding for enzymes act-

ing on xylan were upregulated in high biomass geno-
types, even in the within-group comparisons (Fig. 5c and
Additional file 3 - Figure 19). Regarding cell modifica-
tion and degradation, a 1,6-alpha-xylosidase was highly
expressed in the low biomass group (Figure 19-B in
Additional file 3). Genes annotated with xylosyltransfer-
ase activity were co-expressed with those involved with
the Golgi apparatus, membrane components and endo-
cytosis, being more highly expressed in high biomass ge-
notypes (Table 3 - Module 10 and Figure 10 in
Additional file 3). This is expected given that the Golgi
apparatus synthesizes most polysaccharides of the cell
wall, where transferases catalyze the synthesis of the
xyloglucan backbone and side branches [25]. We also
found significant differences in the expression levels of
genes associated with cell wall flexibility. In particular,
DEGs coding for expansins of the β subfamily were more
highly expressed in S. spontaneum and S. robustum (Fig-
ure 20 in Additional file 3).
The biomass groups revealed different expression

levels of genes coding for enzymes of sucrose metabol-
ism. Sucrose-phosphate synthase (SPS) and sucrose-phos-
phate phosphatase (SPP) genes were upregulated in low
biomass genotypes (Fig. 5a). Curiously, genes coding for
sucrose synthase (SuSy) - an enzyme family mainly in-
volved with sucrose degradation - were upregulated in
the low biomass group and in US85–1008 (Fig. 5b and
Additional file 3 - Figure 21). The comparison between
groups also showed different expression levels of genes
coding for sucrose transport proteins SUT1 and SUT4.
Although SUT4 was strongly upregulated in the low bio-
mass group (Figure 22 in Additional file 3), SUT1 was
highly expressed in the high biomass genotypes (Fig. 5d).
We found different expression profiles of genes coding
for sugar transporters of the same family. Genes coding
for SWEETs (Sugars will eventually be exported trans-
porters) were downregulated in the low biomass group,
while within the groups these DEGs showed a genotype-
specific expression (Figure 22-B in Additional file 3).
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Assessing gene expression at different levels
We evaluated how processes are functionally enriched
according to the quantification method grouping counts
at the gene or transcript level, considering only the con-
trast between the two main biomass groups. For both
approaches, around 30% of each reference set (tran-
scripts or genes) passed the minimum expression thresh-
old (Table 1 in Additional file 4). For 5886 DEGs, none
of their corresponding individual transcripts showed sta-
tistically significant evidence of differential expression.
On the other hand, 8693 genes showed at least one

DET, but were not differentially expressed when read
counts were gathered at the gene level (Figure 1 in Add-
itional file 4). In addition to the six functional terms
enriched among DEGs, analysis of differentially
expressed transcripts (DETs) revealed enrichment of an-
other 44 terms (Table 3 in Additional file 4). Geranylger-
anyl-Diphosphate Geranylgeranyltransferase enrichment
indicates changes in the synthesis of geranylgeranyl, a
precursor of chlorophyll, carotenoids and gibberellins via
the 2-C-methyl-D-erythritol 4-phosphate pathway. This
is reinforced by the enrichment of phytoene synthase,

Fig. 5 Expression of DEGs involved with sucrose metabolism: synthesis (a); degradation (b); synthesis of cell wall compounds (c); and sucrose and
sugar transporters (d). Gene expression in each biomass group was calculated using the mean of the normalized counts per million. Note that
the scale is different among plots. The high biomass group is colored in blue (right side) and the low biomass group in orange (left side)
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acting on geranylgeranyl diphosphate in the carotenoid
synthesis pathway. We also found enrichment of en-
zymes acting on precursors of sterols, in the isoprenoid
biosynthesis pathway: farnesyl-diphosphate farnesyltrans-
ferase activity and squalene synthase activity. Two non-
DEGs coding for glyceraldehyde-3-phosphate dehydroge-
nases (GAPDH) showed five DETs, and the DET with
the higher expression level was upregulated in high bio-
mass genotypes (Figure 4 in Additional file 4). Enrich-
ment of GAPDH activity can likely be associated to the
photosynthetic carbon reduction promoted by this en-
zyme, because we found DETs annotated as chloroplas-
tic GAPDHs (Figure 4 in Additional file 4).
Combining the expression levels of DETs to obtain

gene-level quantifications can result failure to detect
DEGs, masking important functional changes. As an ex-
ample, we considered the annotated genes of the photo-
synthesis biological process. We found five DEGs
without any corresponding DETs – in fact, individual
transcripts for three of these genes did not pass the ex-
pression filter, due to their low expression level (Figure
3 in Additional file 4). At the same time, 47 non-DE
genes revealed at least one DET (Fig. 6). Lowly
expressed isoforms did show significant differential ex-
pression when the fold changes were very high, i.e.,
when expression occurred almost entirely in one of the
biomass groups (Fig. 6).

Discussion
Clustering based on gene expression profiles grouped
samples in accordance to their phenotypic measures, but
also revealed differences within the groups. A higher
BCV when contrasting groups was expected because we
used different genotypes as replicates of the same group
(Fig. 2). The two within-group contrasts are relevant to
capture differences between hybrids and wild genotypes
that present similar phenotypes. Previously, using SSR
genotyping of a subset of the Brazilian Panel of Sugar-
cane Genotypes, TUC71–7 and SP80–3280 were
assigned to the same subpopulation, RB72454 and
RB855156 to another and, separately, White Transparent
and IN84–58 to the two remaining subpopulations [26].
Indeed, the third dimension of the multidimensional
scaling based on gene expression showed that SP80–
3280 clustered apart from RB72454 (Fig. 1 in Additional
file 3). We hypothesize that the lower number of DEGs
in the low biomass group reflects sugarcane breeding,
because the hybrids in this group have a higher genomic
contribution from S. officinarum. Hence, they are not
only phenotypically more similar to Criolla Rayada and
White Transparent than the high biomass accessions,
but also share similar gene expression profiles.
The position of accession US85–1008 between the bio-

mass groups also seemingly reflects the sugarcane

breeding history, because this hybrid diverged from the
high biomass genotypes more than S. officinarum
(Criolla Rayada and White Transparent) did from com-
mercial hybrids. Furthermore, the high biomass group
included US85–1008 and accessions of two ancestral
species – S. spontaneum and S. robustum. Samples of
the S. spontaneum SES205A were grouped apart, pos-
sibly reflecting the diversity within the subpopulations of
this species [8]. The wild sugarcane genotypes of the
high biomass group showed substantial differences in
their expression profiles and we did not find any evi-
dence of kinship among them in the scientific literature.
Wild genotypes, particularly those of S. spontaneum,
have specific alleles that make them a source of variabil-
ity for sugarcane breeding. Based on SSR markers,
IN84–58 showed more species-specific fragments than
Badila and Ganda Cheni - S. officinarum and S. barberi
genotypes, respectively [26]. Also, IN84–58 showed a
similar expression profile to IJ76–318, a S. robustum ac-
cession. In fact, Ferreira and colleagues [27] concluded
that S. spontaneum and S. robustum can have similar ex-
pression patterns and group together, separately from S.
officinarum or a hybrid accession.
Transposition-associated terms were enriched among

DEGs both for between- and within-group comparisons.
Phylogenetically close species have different transposable
elements (TEs) families and differ in the number of TEs
in the genome [28]. Saccharum species have a high
number of TEs, mainly Long Terminal Repeat (LTR) ret-
rotransposons [29, 30]. We suggest that the differential
expression of TEs was likely due to the genome differ-
ences among the genotypes compared in each contrast.
S. officinarum showed less differential expression of
transposition-related genes in comparison to hybrids
relative to that found in the comparisons between
groups or between US85–1008 and the other high bio-
mass genotypes (Figure 4 in Additional file 3). This may
partly be explained by the higher contribution of the S.
officinarum genome in hybrids and by large differences
between the genomes of the wild canes. This is rein-
forced by the observation that the divergence between S.
officinarum and S. spontaneum is partially due to the ex-
pansion of two TE families in S. officinarum [31]. TEs
may demonstrate restricted expansion in specific
genomes, such as certain families of miniature inverted-
repeat transposable elements (MITE) with proliferation-
specificity to the T. aestivum subgenomes [32].
Moreover, the activity of TEs resulting from polyploidi-
zation is analogous to the induction of TEs promoted by
stresses [28], a form of genomic shock [33, 34], which is
a well described phenomenon in allopolyploids [35]. We
can conclude that differences in transposition found
within the low biomass group were largely due to vari-
ation between commercial hybrids and White
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Fig. 6 (See legend on next page.)
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Transparent, similar to the observation when contrasting
S. officinarum to the cultivar RB867515 [27].
Polyploidy creates an imbalance in the nucleotide pool,

causing genomic stress in the cell and triggering non-
additive expression of genotype-specific responsive genes
and other stochastic differences [36, 37]. In addition to
polyploidy, hybridization is also a potential cause of gen-
etic variation leading to changes in gene expression be-
tween hybrids and parental genotypes. In Asteraceae, Qi
and colleagues identified hybridization as the main cause
for non-additive expression after comparing gene ex-
pression levels of parents (Chrysanthemum nankingense
and Tanacetum vulgare), the interspecific hybrid and
three derived allopolyploids [24]. Along with transpos-
ition, we noted enriched defense-associated terms when
comparing both biomass groups (Figs. 3 and 4). There is
evidence that proteins involved in basal metabolism can
be more active during stresses. For instance, Ferreira
et al. [27] hypothesized that upregulation of histone
genes in a hybrid genotype arose from changes in epi-
genetic control caused by the genomic stress of
hybridization. Carson and colleagues [14] evaluated gene
expression in sugarcane leaves and found, among many
functions, genes coding for proteins responsible for the
maintenance and control of cellular metabolism, as well
as transport and stress responses. Not only does ploidy
regulate these responses, but genes coding for resistance
proteins were also upregulated in culms to protect
against the stress caused by increased sugar levels in
sucrose-rich genotypes [38]. Genotypes in the high bio-
mass group differed in their response to oxidation-
reduction, presenting changes in genes whose products
are associated to detoxification. Glutathione transferases,
involved in detoxification, display gene classes occurring
in tandem on plant genomes, coding for enzymes acting
over a wide range of substrates [39]. Previously, higher
expression levels of transcripts related to glutathione-S-
transferase were observed in a fiber-rich genotype [18].
The co-expression analysis complemented the enrich-

ment tests based on sets of DEGs. Genes associated with
transposition formed two clusters of co-expressed genes
that showed similarities within the groups (Table 3 and
Figure 10 in Additional file 3). The machineries of repli-
cation, transcription, translation and regulatory mecha-
nisms were enriched with similarly expressed genes. Our
differential expression analysis involved leaf samples, but
no carbon assimilation terms were enriched among
DEGs. Interestingly, genes whose products are involved

with this process were grouped in a co-expressed mod-
ule (Table 3 in Additional file 3). Depending on the con-
trast assessed, pathway analysis showed changes in
specific photosynthesis processes, such as C4/CAM
photosynthesis and photorespiration (Figures 11, 13 and
14 in Additional file 3). Recently, Singh and colleagues
[19] detected upregulation of almost all photosynthesis-
related coding genes in high biomass genotypes. As a C4
grass, sugarcane photosynthesis includes a pathway to
obtain a four-carbon compound, a process that occurs
in the mesophyll and is orchestrated by PEPC. In agree-
ment with Verma and colleagues [40], we noted that
high biomass genotypes may require a more intense ex-
pression of PEPC coding genes to support metabolic
functions other than sucrose accumulation. Expression
of PEPC genes was lower in young leaves associated with
maturing culms but was practically invariable in leaves
connected with more mature stalks [40]. In addition, a
group of photophosphorylation genes coding for Psa,
Psb and cytochrome proteins formed a downregulated
cluster in low biomass genotypes (Figure 12 in Add-
itional file 3). The module with photosynthesis co-
expressed genes was also enriched with terms related to
the responses to four hormones - abscisic acid, cytoki-
nin, ethylene and gibberellin. DEGs annotated with hor-
mone responses inside this co-expression module were
downregulated in S. spontaneum (Figure 8 in Additional
file 3). In fact, Singh and colleagues [19] noted that low
fiber sugarcanes showed upregulation of genes involved
with responses to auxin, jasmonic acid, salicylic acid,
abscisic acid and ethylene [19].
Genes coding for enzymes involved in sucrose synthe-

sis, breakdown and transport had been previously stud-
ied in different phenological stages of sugarcane culm
development [41] and between varying (groups of) geno-
types [17, 18, 38]. The pioneering transcriptome studies
in sugarcane addressed gene expression in leaves or leaf
rolls [13, 14]. Analysis of tissue-specific expression en-
abled the detection of functions in leaves and culms
[14]. Synthesis of sucrose occurs in sugarcane leaves,
followed by its transport through phloem to be stored in
stalk parenchyma cells [21]. Clearly, sucrose storage is
higher in the hybrids and S. officinarum clones analyzed
herein (Fig. 1 and Additional file 1 - Table 1). In leaves,
higher expression of SPS and SPP coding genes in the
low biomass group may indicate that the stalk of these
genotypes requires more sucrose. They also showed an
upregulated gene coding for Cell Wall Invertase (CWIN

(See figure on previous page.)
Fig. 6 Expression profiles of differentially expressed transcripts of photosynthesis-related genes. Differential expression at the gene level was not
significant for the corresponding genes. For each isoform, bar lengths correspond to the relative expression levels in each biomass group. Color
intensity represents the logarithm of the counts per million (cpm) of the corresponding transcript. For each gene identifier we also show the
log2 of the average counts per million. Differentially expressed transcripts are indicated by black edges
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V), an enzyme acting on sucrose hydrolysis and allowing
the apoplastic entry of hexoses in the stem parenchyma
cell [21]. However, CWINV overexpression can promote
monomer accumulation in leaves, impairing carbohy-
drate storage and affecting growth, as described in cas-
sava [42].
SPS and CWINV have been shown to be highly

expressed in sugarcane before maturation of culms, pre-
cisely to allow the development of leaves and to com-
pensate for sucrose storage requirements in sink tissue
[40]. These authors also pointed out that genes coding
for enzymes such as PEPC and SUT1 can show stable or
increased expression levels in more mature leaves. Our
data shows, that in + 1 leaves, genes coding for SUT4
were upregulated in hybrids and S. officinarum. How-
ever, the SUT1 coding gene was downregulated in the
low biomass group but had a higher overall expression
level that SUT4 (Fig. 5d), which makes it difficult to de-
termine which SUTs are more relevant to sucrose accu-
mulation. A gene coding for the SWEET14 protein was
described as repressed in S. officinarum and S. sponta-
neum [27], but we found a SWEET14 gene repressed in
the low biomass group, with no evidence of differential
expression within this group. We believe that genes cod-
ing sugar transporter proteins or sucrose transporter
families may be differentially expressed in a genotype-
specific manner (Figure 22-B in Additional file 3).
Carbohydrate metabolism in culms also includes gene

products from members of the SuSy family. When dif-
ferentially expressed in a given contrast, SuSy coding
genes were always upregulated in genotypes with the
higher sucrose level (Fig. 5b). One DEG was also de-
tected in the two other contrasts; other two DEG coding
SuSy were upregulated in US85–1008 (Figure 21-B in
Additional file 3). In contrast to its common role in
stems, SuSy can synthesize sucrose from the reducing
sugars present in leaves. Hoffmann-Thoma and col-
leagues [43] found a higher SuSy activity than SPS in 60
and 90-day expanded leaves. In the same experiment,
they found that the content of hexoses was higher than
sucrose and that SPS was more active than SuSy in older
leaves (2 through 7). In leaf rolls, a low sucrose break-
down/synthesis ratio indicates that SuSy contributes to
sucrose synthesis in young sugarcane tissues [15]. Imma-
ture leaf rolls, internodes one to six and roots showed
higher expression of SuSy1 than leaves [44]. The same
study, however, revealed a highly expressed SuSy2 gene
in immature and mature leaf lamina. The five DEGs
coding for SuSy identified with MERCATOR showed low
average expression levels in our study (Table 4 in Add-
itional file 3), three of them being upregulated in low
biomass genotypes. Thirugnanasambandam and col-
leagues [16] noted that the expression levels of four SuSy
genes in leaves were lower than in other tissues,

regardless of genotype. Although SuSy is possibly syn-
thesizing sucrose, we also stress the importance of SPS
for sucrose synthesis in the low biomass group (Figure
21-A in Additional file 3).
Genes coding for proteins of the lignocellulose

pathways were upregulated in high biomass genotypes.
Expansins are a class of enzymes that can modify the
structure of the cell wall, promoting its expansion
[45]. The sugarcane genome has roughly ninety
expansin-coding genes, mostly from the families α
and β [46]. In Poaceae, β-expansin members act over
the matrix polysaccharides, loosening the cell wall
[45]. In our study, the high biomass group showed
higher expression of expansin genes, possibly promot-
ing the development of the leaf. Because structures of
the sugarcane top are relevant as biomass sources for
energy cane, leaf growth is a desirable trait. Moreover,
wild high biomass canes displayed higher expression
of expansins α − 2, β − 11 and β − 3, which can be ex-
plored as candidate genes in other functional genomic
studies. More directly related to the cell wall, many
genes coding enzymes that assemble polysaccharides
were upregulated in the high biomass genotypes. We
identified genes coding for xylosyltransferases, arabi-
nosyltransferases and fucosyltransferases (Fig. 5c and
Additional file 3 – Figure 10 and Figure 19), which
are glucosyltransferases involved in the biosynthesis of
xyloglucan in the Golgi stacks [25]. Loss of function
in a xylosyltransferase coding gene led to higher sac-
charification in mutant rice plants, facilitating xylan
extraction [47].
Sugarcane genotypes rich in biomass have a higher

content of cellulose, hemicellulose and lignin, in det-
riment to the sucrose content [48]. Clustering of sug-
arcane genotypes based on similar biomass and
sucrose accumulation traits (Figure 1 in Additional
file 1) was confirmed by gene expression (Fig. 2). The
high biomass group contained mainly wild genotypes,
while the low biomass group was represented by S.
officinarum and hybrids. The high biomass hybrid
US85–1008 is the offspring of a wild female parent -
an unknown S. spontaneum -, while the low biomass
hybrids have other hybrids as female parents [26, 49,
50]. Moreover, the low biomass hybrids we studied
are all genetically related, with varying degrees of re-
latedness. This distinct variability within each of the
two groups reflects the genomic differences of the ac-
cessions (Figure 1 in Additional file 3). Leveraging
wild genotypes in sugarcane breeding can be useful to
expand the narrow genetic basis of this crop [49, 51],
making it possible to develop cultivars with adequate
biomass-associated traits, addressing the current limi-
tations in the field and industry. There are also obsta-
cles in sucrose accumulation, which also have to be
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taken into account because energy canes must be effi-
cient both in biomass and sugar yields [3].

Conclusions
This work presented a broad view of the expression of
many coding genes in sugarcane leaves of different geno-
types. With regard to cell wall, most genes were upregu-
lated in the high biomass group, but in general with low
average expression levels. On the other hand, highly
expressed genes involved in sucrose synthesis were up-
regulated in hybrids and S. officinarum genotypes. These
results agree with current knowledge about the parti-
tioning of carbohydrate to sucrose storage and mainten-
ance of plant structure and metabolism in wild
genotypes and modern cultivars. In addition, our re-
search shows that investigating expression profiles in
wild genotypes can enhance the understanding of genes
selected through domestication and breeding. Expression
profiles in other plant parts of wild and cultivated acces-
sions are needed to provide knowledge about the action
of the genes involved in carbohydrate metabolism and
biomass production. Our data from sugarcane leaves re-
vealed how hybridization in a complex polyploid system
resulted in noticeably different transcriptomic profiles
between contrasting genotypes.

Methods
Plant material
We collected leaves of genotypes from the Brazilian
Panel of Sugarcane Genotypes [26], selected from
groups contrasting in key biomass traits, as mea-
sured by fiber content and stalk number. This panel
is managed by the sugarcane breeding program of
the Inter-University Network for the Development of
the Sugarcane Sector (RIDESA), at the Federal
University of São Carlos (Araras, Brazil). No special
permission was necessary to collect biological sam-
ples from these plants. Genotypes of the high bio-
mass group were IN84–58, IN84–88, Krakatau,
SES205A, IJ76–318 and US85–1008. In the low bio-
mass group, we selected White Transparent, Criolla
Rayada, TUC71–7, RB72454, SP80–3280 and
RB855156. Their phenotypic means for soluble solids
content (°Brix), percentage of apparent sucrose
present in juice (POL % Juice), purity, fiber content
(FIB%) and stalk number are summarized in Table 1
(Additional file 1). We performed a hierarchical clus-
tering and a principal component analysis using
these measures, and identified two main groups that
reflect the separation of high and low fiber geno-
types (Fig. 1 and Additional file 1 - Figure 1).
In the high biomass group, there were four S. sponta-

neum representatives (IN84–58, IN84–88, Krakatau and
SES205A), a S. robustum (IJ76–318) and a hybrid

(US85–1008). SES205A is a genotype from India, used
in studies of hybrids generated by crosses with S. offici-
narum [8, 52]. Krakatau is an Indonesian S. spontaneum
widely used in works about biological nitrogen fixation
[8, 53, 54]. Genotypes IN84–88, IN84–58 and IJ76–318
are also from Indonesia, and US85–1008 is an accession
originated by a cross between a S. spontaneum genotype
and US60–313 [8, 50].
Samples of the low biomass group include four hybrid

cultivars - TUC71–7, RB72454, SP80–3280 and
RB855156 - and two S. officinarum genotypes - White
Transparent and Criolla Rayada. White Transparent was
used during the nobilization process [49, 55]. TUC71–7
is a cultivar from Tucumán-Argentina [26, 49], and
RB72454, SP80–3280 and RB855156 are Brazilian com-
mercial hybrids [26].
Replicates of each biomass group consisted in one

leaf from each genotype. Additionally, we sampled
clonal replicates by collecting three leaves from six
genotypes (IN84–58, SES205A, US85–1008, White
Transparent, RB72454 and SP80–3280). This resulted
in a total of 24 samples – 12 genotypes, half of them
with clonal replicates. By doing so, we aimed to sam-
ple biological variation at two levels: i) between bio-
mass groups, replicates were composed of different
genotypes; ii) clonal replicates of particular genotypes
allowed for comparisons within each group. Our goal
was to have clonal replicates of distant genotypes
within each group.
Portions of the first visible dewlap leaves (+ 1) were

collected from six-month-old sugarcane plants in April
2016, grown in the field in Araras, Brazil (22°18′41.0″S,
47°23′05.0″W, at an altitude of 611 m). We collected
the middle section of each leaf, removing the midrib.
After cutting, they were placed in plastic tubes (50 mL),
immediately frozen in liquid nitrogen and stored at −
80 °C until RNA extraction. Figure 1 of Additional file 2
shows a summary of our laboratory and bioinformatics
steps.

RNA extraction, sequencing and quality of the libraries
We used the RNeasy Plant Mini Kit (Qiagen, cat. no.
74904) with roughly 50 mg of starting leaves to ex-
tract total RNA from each sample. RNA quality was
evaluated by observing the 25S and 18S rRNAs bands
via 1% agarose gel electrophoresis. We assessed RNA
integrity via 2100 Bioanalyzer (Agilent Technologies)
capillary electrophoresis and only kept samples with
RNA Integrity Number (RIN) greater than 8. Libraries
were prepared with the TruSeq Stranded kit and se-
quenced in an Illumina HiSeq 2500 platform. We
pooled the 24 libraries and sequenced this pool in
two lanes, in paired-end mode (2 × 100 bp).
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Differential expression and functional enrichment
analyses
We quantified expression levels of de novo assembled tran-
scripts using SALMON [56] (see Additional file 2 for details
about read filtering, de novo transcriptome assembly and
functional annotation). Isoform expression information was
aggregated to gene-count levels using the TXIMPORT R pack-
age [57]. Next, the data were filtered for genes with expres-
sion levels of at least one count per million (cpm) in at least
three samples. We performed differential expression ana-
lyses with EDGER [58], using two different strategies. First,
all samples were used to design a model with two groups
contrasting in biomass content. Next, we fitted two separate
models to contrast genotypes within each biomass group,
including only the genotypes with clonal replicates of each
group in an ANOVA-like test. Two contrasts were per-
formed to obtain a Fold Change value within the groups,
comparing US85–1008 with the mean of IN84–58 and
SES205A, and White Transparent to the mean of SP80–
3280 and RB72454. For each model, the DEGs were those
with an FDR-adjusted p-value less than 5% [59].
Functional enrichment analyses were performed with

the GOSEQ R package [60], separately for each differential
expression model. The background set was composed of
the expressed genes passing the cpm filter. A GO term
was considered enriched among DEGs if its overrepre-
sentation adjusted p-value was less than 5%.
Additionally, we carried out tests at the transcript level

to find differentially expressed transcripts between the
same biomass groups. We then compared the two ap-
proaches by measuring the overlap between the lists of
DETs and DEGs.

Co-expression network and gene set enrichment analysis
A co-expression network was built with WGCNA [61],
using as input the logarithm of the normalized cpm
matrix of the expressed genes. We chose a soft-
thresholding power of nine, reaching a correlation coeffi-
cient of approximately 0.8 for the scale-free topology fit.
Our choice was to build an adjacency matrix preserving
the sign of the connection. After hierarchical clustering
of genes based on their dissimilarity, modules that were
composed of at least 300 genes were considered. We
grouped modules that had highly co-expressed genes,
using a correlation threshold of 0.75 for the module
eigengenes. The sets of genes defined by each module,
were used to evaluate the presence of enriched Gene
Ontology terms with GOSEQ, again considering an over-
represented adjusted p-value less than 5%.
Next, we checked the enrichment of the gene set

formed by each co-expression module by ranking genes
based on their absolute LFC for each contrast. This ana-
lysis was conducted with the GSEAPRERANKED tool in
the GSEA software [62].

Pathway analysis
The MAPMAN4 pipeline [63] was used to functionally as-
sign genes to land plant protein categories. The full tran-
scriptome was annotated using the MERCATOR4 tool.
Because the expression quantification was done at the
gene level, the transcript identifiers of the MERCATOR4
mapping file were changed to gene identifiers. Thus, the
functional annotation attributed to isoforms of a gene
were also combined. Genes in the MAPMAN4 pathways
were tagged and colored based on the LFC from the dif-
ferential expression tests.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12864-020-07091-y.

Additional file 1. Supporting information of the genotypes. Additional
tables and figures showing a phenotypic characterization of the
genotypes.

Additional file 2 Supporting information for methods. Additional
information about the methods used in the manuscript: basic statistics
and comparison of the de novo assemblies. Annotation of the de novo
assembly used as reference.

Additional file 3. Supporting information for results. Additional tables
and figures about the expression analyses: differentially expressed genes
in common between the tests, functional enrichment results, co-
expression network and data mining of important genes.

Additional file 4. Supporting information for differentially expressed
transcripts. Additional tables and figures about the analyses comparing
the expression of genes and transcripts.

Abbreviations
4CL: 4-coumarate: CoA ligase; BCV: Biological coefficient of variation;
CAD: Cinnamyl-alcohol dehydrogenase; CCR: Cinnamoyl-Coa reductases;
COMT: Caffeic acid O-methyltransferase; cpm: count per million; CWINV: Cell
Wall Invertase; DEGs: Differentially expressed genes; DETs: Differentially
expressed transcripts; GAPDH: Glyceraldehyde-3-phosphate dehydrogenases;
GO: Gene Ontology; LFC: Log fold change; LTR: Long Terminal Repeat;
MITE: Miniature inverted-repeat transposable elements; PAL: Phenylalanine
ammonia lyase; PEPC: Phosphoenolpyruvate carboxylase; Psa: Photosystem I;
Psb: Photosystem II; SPP: Sucrose-phosphate phosphatase; SPS: Sucrose-
phosphate synthase; SuSy: Sucrose synthase; SUT: Sucrose transport protein;
SWEET: Sugars will eventually be exported transporters; TE: Transposable
element

Acknowledgements
Not applicable.

Authors’ contributions
GRAM and MSC conceived and designed the experiments. GRAM, FHC, GKH,
FZB, IBV, and TWAB performed the experiments and data collection. FH, GKH
and GRAM analyzed the data. The first draft of the manuscript was written
by FHC and GRAM, and all authors commented on previous versions of the
manuscript. All authors read and approved the final manuscript.

Funding
All reagents and computational infrastructure were supported by grant
#2015/22993–7, São Paulo Research Foundation (FAPESP), awarded to GRAM.
This study was financed in part by the Coordenação de Aperfeiçoamento de
Pessoal de Nível Superior - Brasil (CAPES) - Finance Code 001. FHC received
fellowship grants from the Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior – Brasil (CAPES) and the Brazilian National Council for
Scientific and Technological Development (CNPq).

Correr et al. BMC Genomics          (2020) 21:673 Page 14 of 16

https://doi.org/10.1186/s12864-020-07091-y
https://doi.org/10.1186/s12864-020-07091-y


Availability of data and materials
The raw sequencing data used in this article have been submitted to DDBJ/
EMBL/GenBank under the BioProject ID PRJEB38368.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interest.

Author details
1Department of Genetics, University of São Paulo, “Luiz de Queiroz” College
of Agriculture, Av Pádua Dias, 11, Piracicaba 13400-970, Brazil. 2Department
of Biotechnology, Vegetal and Animal Production, Federal University of São
Carlos, Center of Agricultural Sciences, Rodovia Anhanguera, km 174, Araras
13600-970, Brazil. 3Queensland Alliance for Agriculture and Food Innovation,
University of Queensland, Brisbane 4072, Australia.

Received: 7 July 2020 Accepted: 22 September 2020

References
1. Yuan JS, Tiller KH, Al-Ahmad H, Stewart NR, Stewart CN. Plants to power:

bioenergy to fuel the future. Trends Plant Sci. 2008;13(8):421–9.
2. Rubin EM. Genomics of cellulosic biofuels. Nature. 2008;454(7206):841–5

Available from: http://www.ncbi.nlm.nih.gov/pubmed/18704079.
3. Alexander AG. The energy cane alternative. Amsterdam: Elsevier Science

Publishers B.V; 1985.
4. Leal MRLV, Galdos MV, Scarpare FV, Seabra JEA, Walter A, Oliveira COF.

Sugarcane straw availability, quality, recovery and energy use: a literature
review. Biomass Bioenergy. 2013;53:11–9.

5. Grivet L, Daniels C, Glaszmann JCC, Hont AD, D’Hont A. A review of recent
molecular genetics evidence for sugarcane evolution and domestication.
Ethnobot Res Appl. 2004;2(0):9–17.

6. Irvine JE. Saccharum species as horticultural classes. Theor Appl Genet. 1999;
98(2):186–94. Available from:. https://doi.org/10.1007/s001220051057.

7. Matsuoka S, Ferro J, Arruda P. The Brazilian experience of sugarcane ethanol
industry. Vitr Cell Dev Biol Plant. 2009;45(3):372–81. Available from: https://
link.springer.com/article/10.1007%2Fs11627-009-9220-z.

8. Aitken K, Li J, Piperidis G, Qing C, Yuanhong F, Jackson P. Worldwide
Genetic Diversity of the Wild Species and Level of Diversity Captured within
Sugarcane Breeding Programs. Crop Sci. 2018;58(1):218 Available from:
https://dl.sciencesocieties.org/publications/cs/abstracts/58/1/218.

9. Swapna M, Sivaraju K, Sharma RK, Singh NK, Mohapatra T. Single-Strand
conformational polymorphism of EST-SSRs: a potential tool for diversity
analysis and varietal identification in sugarcane. Plant Mol Biol Report. 2011;
29(3):505–13 Available from: http://link.springer.com/10.1007/s11105-010-
0254-5.

10. Diniz AL, Ferreira SS, Ten-Caten F, Margarido GRA, dos Santos JM, Barbosa
GV, et al. Genomic resources for energy cane breeding in the post
genomics era. Comput Struct Biotechnol J. 2019;17:1404–14. Available from.
https://doi.org/10.1016/j.csbj.2019.10.006.

11. Zhang J, Nagai C, Yu Q, Pan YB, Ayala-Silva T, Schnell RJ, et al. Genome size
variation in three Saccharum species. Euphytica. 2012;185(3):511–9.

12. Grivet L, Arruda P. Sugarcane genomics: depicting the complex genome of
an important tropical crop. Curr Opin Plant Biol. 2002;5(2):122–7.

13. Carson DL, Botha FC. Preliminary Analysis of Expressed Sequence Tags for
Sugarcane. Crop Sci. 2000;40(6):1769 Available from: https://www.crops.org/
publications/cs/abstracts/40/6/1769.

14. Carson DL, Huckett BI, Botha FC. Differential gene expression in sugarcane
leaf and internodal tissues of varying maturity. S Afr J Bot [Internet]. 2002;
68(4):434–42. Available from: https://linkinghub.elsevier.com/retrieve/pii/
S0254629915303707.

15. Schäfer WE, Rohwer JM, Botha FC. Partial purification and characterisation of
sucrose synthase in sugarcane. J Plant Physiol. 2005;162(1):11–20.

16. Thirugnanasambandam PP, Mason PJ, Hoang NV, Furtado A, Botha FC,
Henry RJ. Analysis of the diversity and tissue specificity of sucrose synthase
genes in the long read transcriptome of sugarcane. BMC Plant Biol

[Internet]. BMC Plant Biol. 2019;19(1):160 Available from: https://
bmcplantbiol.biomedcentral.com/articles/10.1186/s12870-019-1733-y.

17. Kasirajan L, Hoang NV, Furtado A, Botha FC, Henry RJ. Transcriptome
analysis highlights key differentially expressed genes involved in cellulose
and lignin biosynthesis of sugarcane genotypes varying in fiber content. Sci
Rep. 2018;8(1):1–16.

18. Vicentini R, Bottcher A, Dos Santos BM, Dos Santos AB, Creste S, De
Andrade Landell MG, et al. Large-scale transcriptome analysis of two
sugarcane genotypes contrasting for lignin content. PLoS One. 2015;10(8):
e0134909. Available from: https://doi.org/10.1371/journal.pone.0134909.

19. Singh R, Jones T, Wai CM, Jifon J, Nagai C, Ming R, et al. Transcriptomic
analysis of transgressive segregants revealed the central role of
photosynthetic capacity and efficiency in biomass accumulation in
sugarcane. Sci Rep [Internet]. 2018;8(1):4415. Available from: http://www.
nature.com/articles/s41598-018-22798-5.

20. Cardoso-Silva CB, Costa EA, Mancini MC, Balsalobre TWA, Costa Canesin LE,
Pinto LR, et al. De novo assembly and transcriptome analysis of contrasting
sugarcane varieties. PLoS One. 2014;9(2).

21. Wang J, Nayak S, Koch K, Ming R. Carbon partitioning in sugarcane
(Saccharum species). Front Plant Sci. 2013;4(June):2005–10 Available from:
http://journal.frontiersin.org/article/10.3389/fpls.2013.00201/abstract.

22. Piperidis N, D’Hont A. Sugarcane genome architecture decrypted with
chromosome‐specific oligo probes. Plant J [Internet]. 2020;103(6):2039–51.
Available from: https://onlinelibrary.wiley.com/doi/abs/10.1111/tpj.14881.

23. Osborn TC, Chris Pires J, Birchler JA, Auger DL, Chen ZJ, Lee HS, et al.
Understanding mechanisms of novel gene expression in polyploids. Trends
Genet. 2003;19(3):141–7.

24. Qi X, Wang H, Song A, Jiang J, Chen S, Chen F. Genomic and transcriptomic
alterations following intergeneric hybridization and polyploidization in the
Chrysanthemum nankingense×Tanacetum vulgare hybrid and allopolyploid
(Asteraceae). Hortic Res. 2018;5(1):5. Available from: https://doi.org/10.1038/
s41438-017-0003-0.

25. Driouich A, Follet-Gueye M-L, Bernard S, Kousar S, Chevalier L, Vicré-Gibouin
M, et al. Golgi-Mediated Synthesis and Secretion of Matrix Polysaccharides
of the Primary Cell Wall of Higher Plants. Front Plant Sci. 2012;3 Available
from: http://journal.frontiersin.org/article/10.3389/fpls.2012.00079/abstract.

26. Barreto FZ, Rosa JRBF, Balsalobre TWA, Pastina MM, Silva RR, Hoffmann HP,
et al. A genome-wide association study identified loci for yield component
traits in sugarcane (Saccharum spp.). PLoS One. 2019;14(7):e0219843.
Available from:. https://doi.org/10.1371/journal.pone.0219843.

27. Ferreira SS, Hotta CT, Poelking vg de C, Leite DCC, Buckeridge MS,
Loureiro ME, et al. Co-expression network analysis reveals transcription
factors associated to cell wall biosynthesis in sugarcane. Plant Mol Biol.
2016;91(1–2):15–35. Available from: http://link.springer.com/10.1007/s111
03-016-0434-2.

28. Vicient CM, Casacuberta JM. Impact of transposable elements on polyploid
plant genomes. Ann Bot. 2017;120(2):195–207.

29. de Setta N, Monteiro-Vitorello C, Metcalfe C, Cruz GM, Del Bem L, Vicentini R,
et al. Building the sugarcane genome for biotechnology and identifying
evolutionary trends. BMC Genomics [Internet]. 2014;15(1):540. Available from:
http://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-15-540.

30. Zhang J, Zhang X, Tang H, Zhang Q, Hua X, Ma X, et al. Allele-defined
genome of the autopolyploid sugarcane Saccharum spontaneum L. Nat
Genet. 2018;50(11):1565–73.

31. Garsmeur O, Droc G, Antonise R, Grimwood J, Potier B, Aitken K, et al. A
mosaic monoploid reference sequence for the highly complex genome of
sugarcane. Nat Commun. 2018;9(1) Available from:. https://doi.org/10.1038/
s41467-018-05051-5.

32. Keidar-Friedman D, Bariah I, Kashkush K. Genome-wide analyses of miniature
inverted-repeat transposable elements reveals new insights into the
evolution of the triticum-Aegilops group. PLoS One. 2018;13(10):1–23.

33. Fedoroff NV, Bennetzen JL. Transposons, Genomic Shock, and Genome
Evolution. Plant Transposons Genome Dynamics Evol. 2013:181–201.
Available from:. https://doi.org/10.1002/9781118500156.ch10.

34. McClintock B. The significance of responses of the genome to challenge.
Science. 1984;226(4676):792–801.

35. Chen ZJ. Genetic and epigenetic mechanisms for gene expression and
phenotypic variation in plant Polyploids. Annu Rev Plant Biol. 2007;58(1):
377–406.

36. Fasano C, Diretto G, Aversano R, D’Agostino N, Di Matteo A, Frusciante L,
et al. Transcriptome and metabolome of synthetic Solanum autotetraploids

Correr et al. BMC Genomics          (2020) 21:673 Page 15 of 16

http://www.ncbi.nlm.nih.gov/pubmed/18704079
https://doi.org/10.1007/s001220051057
https://springerlink.bibliotecabuap.elogim.com/article/10.1007%2Fs11627-009-9220-z
https://springerlink.bibliotecabuap.elogim.com/article/10.1007%2Fs11627-009-9220-z
https://dl.sciencesocieties.org/publications/cs/abstracts/58/1/218
https://doi.org/10.1016/j.csbj.2019.10.006
https://www.crops.org/publications/cs/abstracts/40/6/1769
https://www.crops.org/publications/cs/abstracts/40/6/1769
https://linkinghub.elsevier.com/retrieve/pii/S0254629915303707
https://linkinghub.elsevier.com/retrieve/pii/S0254629915303707
https://bmcplantbiol.biomedcentral.com/articles/10.1186/s12870-019-1733-y
https://bmcplantbiol.biomedcentral.com/articles/10.1186/s12870-019-1733-y
https://doi.org/10.1371/journal.pone.0134909
http://www.nature.com/articles/s41598-018-22798-5
http://www.nature.com/articles/s41598-018-22798-5
http://journal.frontiersin.org/article/10.3389/fpls.2013.00201/abstract
https://onlinelibrary.wiley.com/doi/abs/10.1111/tpj.14881
https://doi.org/10.1038/s41438-017-0003-0
https://doi.org/10.1038/s41438-017-0003-0
http://journal.frontiersin.org/article/10.3389/fpls.2012.00079/abstract
https://doi.org/10.1371/journal.pone.0219843
http://springerlink.bibliotecabuap.elogim.com/10.1007/s11103-016-0434-2
http://springerlink.bibliotecabuap.elogim.com/10.1007/s11103-016-0434-2
http://bmcgenomics.biomedcentral.com/articles/10.1186/1471-2164-15-540
https://doi.org/10.1038/s41467-018-05051-5
https://doi.org/10.1038/s41467-018-05051-5
https://doi.org/10.1002/9781118500156.ch10


reveal key genomic stress events following polyploidization. New Phytol.
2016;210(4):1382–94. Available from:. https://doi.org/10.1111/nph.13878.

37. Jackson S, Chen ZJ. Genomic and expression plasticity of polyploidy. Curr
Opin Plant Biol [Internet]. 2010;13(2):153–9 Available from: https://
linkinghub.elsevier.com/retrieve/pii/S1369526609001757.

38. Thirugnanasambandam PP, Hoang NV, Furtado A, Botha FC, Henry RJ.
Association of variation in the sugarcane transcriptome with sugar content.
BMC Genomics. 2017;18(1):1–22.

39. Labrou NE, Papageorgiou AC, Pavli O, Flemetakis E. Plant GSTome: structure
and functional role in xenome network and plant stress response. Curr Opin
Biotechnol. 2015;32:186–94 Available from: https://doi.org/10.1016/j.copbio.
2014.12.024.

40. Verma I, Roopendra K, Sharma A, Chandra A, Kamal A. Expression analysis of
genes associated with sucrose accumulation and its effect on source–sink
relationship in high sucrose accumulating early maturing sugarcane variety.
Physiol Mol Biol Plants. 2019;25(1):207–220. Available from: doi: https://doi.
org/10.1007/s12298-018-0627-z.

41. Casu RE, Jarmey JM, Bonnett GD, Manners JM. Identification of transcripts
associated with cell wall metabolism and development in the stem of
sugarcane by Affymetrix GeneChip Sugarcane Genome Array expression
profiling. Funct Integr Genom. 2007;7(2):153–67 Available from: http://link.
springer.com/10.1007/s10142-006-0038-z.

42. Yan W, Wu X, Li Y, Liu G, Cui Z, Jiang T, et al. Cell Wall Invertase 3 affects
cassava productivity via regulating sugar allocation from source to sink.
Front Plant Sci. 2019;10(April):1–16.

43. Hoffmann-Thoma G, Hinkel K, Nicolay P, Willenbrink J. Sucrose accumulation
in sweet sorghum stem internodes in relation to growth. Physiol Plant.
1996;97(2):277–84.

44. Lingle SE, Dyer JM. Cloning and expression of sucrose synthase-1 cDNA
from sugarcane. J Plant Physiol. 2001;158(1):129–31.

45. Sampedro J, Guttman M, Li LC, Cosgrove DJ. Evolutionary divergence of β-
expansin structure and function in grasses parallels emergence of
distinctive primary cell wall traits. Plant J. 2015;81(1):108–20.

46. Santiago TR, Pereira VM, de Souza WR, Steindorff AS, Cunha BADB, Gaspar
M, et al. Genome-wide identification, characterization and expression profile
analysis of expansins gene family in sugarcane (Saccharum spp.). PLoS One.
2018;13(1):1–18.

47. Chiniquy D, Sharma V, Schultink A, Baidoo EE, Rautengarten C, Cheng K,
et al. XAX1 from glycosyltransferase family 61 mediates xylosyltransfer to
rice xylan. Proc Natl Acad Sci [Internet]. 2012;109(42):17117–22 Available
from: http://www.pnas.org/cgi/doi/10.1073/pnas.1202079109.

48. Hoang NV, Furtado A, Donnan L, Keeffe EC, Botha FC, Henry RJ. High-
throughput profiling of the Fiber and sugar composition of sugarcane
biomass. Bioenergy Res. 2017;10(2):400–16.

49. Acevedo A, Tejedor MT, Erazzú LE, Cabada S, Sopena R. Pedigree
comparison highlights genetic similarities and potential industrial values of
sugarcane cultivars. Euphytica [Internet]. 2017;213(6):121. Available from:
http://link.springer.com/10.1007/s10681-017-1908-2.

50. Da Silveira LCI, Brasileiro BP, Kist V, Daros E, Peternelli LA. Genetic diversity
and coefficient of kinship among potential genitors for obtaining cultivars
of energy cane. Rev Cienc Agron. 2015;46(2):358–68.

51. Thirugnanasambandam PP, Hoang NV, Henry RJ. The Challenge of Analyzing
the Sugarcane Genome. Front Plant Sci. 2018;9(May):1–18 Available from:
http://journal.frontiersin.org/article/10.3389/fpls.2018.00616/full.

52. Pan YB, Burner DM, Legendre BL, Grisham MP, White WH. An assessment of
the genetic diversity within a collection of Saccharum spontaneum L. with
RAPD-PCR. Genet Resour Crop Evol. 2005;51(8):895–903.

53. Burbano CS, Liu Y, Rösner KL, Reis VM, Caballero-Mellado J, Reinhold-Hurek
B, et al. Predominant nifH transcript phylotypes related to rhizobium
rosettiformans in field-grown sugarcane plants and in Norway spruce.
Environ Microbiol Rep. 2011;3(3):383–9.

54. Urquiaga S, Xavier RP, de Morais RF, Batista RB, Schultz N, Leite JM, et al.
Evidence from field nitrogen balance and 15N natural abundance data for
the contribution of biological N2 fixation to Brazilian sugarcane varieties.
Plant Soil. 2012;356(1–2):5–21 Available from: http://link.springer.com/10.1
007/s11104-011-1016-3.

55. Creste S, Accoroni KAG, Pinto LR, Vencovsky R, Gimenes MA, Xavier MA,
et al. Genetic variability among sugarcane genotypes based on
polymorphisms in sucrose metabolism and drought tolerance genes.
Euphytica. 2010;172(3):435–46 Available from: http://link.springer.com/10.1
007/s10681-009-0078-2.

56. Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon: fast and bias-
aware quantification of transcript expression using dual-phase inference.
Nat Methods. 2017;14(4):417–9.

57. Soneson C, Love MI, Robinson MD. Differential analyses for RNA-seq:
transcript-level estimates improve gene-level inferences. F1000Research.
2016;4:1521 Available from: https://f1000research.com/articles/4-1521/v2.

58. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a bioconductor package for
differential expression analysis of digital gene expression data.
Bioinformatics. 2010;26(1):139–40.

59. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc Ser B. 1995;57(1):
289–300 Available from: http://www.jstor.org/stable/2346101.

60. Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontology analysis for
RNA-seq: accounting for selection bias. Genome Biol. 2010;11(2):R14
Available from: http://genomebiology.biomedcentral.com/articles/10.1186/
gb-2010-11-2-r14.

61. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinformatics. 2008;9(1):559. Available from: https://
bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-9-5598.

62. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci. 2005;
102(43):15545–50. Available from: http://www.pnas.org/cgi/doi/10.1073/
pnas.0506580102.

63. Schwacke R, Ponce-Soto GY, Krause K, Bolger AM, Arsova B, Hallab A, et al.
MapMan4: A Refined Protein Classification and Annotation Framework
Applicable to Multi-Omics Data Analysis. Mol Plant [Internet]. 2019;12(6):
879–92. Available from: https://linkinghub.elsevier.com/retrieve/pii/S16742
05219300085.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Correr et al. BMC Genomics          (2020) 21:673 Page 16 of 16

https://doi.org/10.1111/nph.13878
https://linkinghub.elsevier.com/retrieve/pii/S1369526609001757
https://linkinghub.elsevier.com/retrieve/pii/S1369526609001757
https://doi.org/10.1016/j.copbio.2014.12.024
https://doi.org/10.1016/j.copbio.2014.12.024
https://doi.org/10.1007/s12298-018-0627-z
https://doi.org/10.1007/s12298-018-0627-z
http://springerlink.bibliotecabuap.elogim.com/10.1007/s10142-006-0038-z
http://springerlink.bibliotecabuap.elogim.com/10.1007/s10142-006-0038-z
http://www.pnas.org/cgi/doi/10.1073/pnas.1202079109
http://springerlink.bibliotecabuap.elogim.com/10.1007/s10681-017-1908-2
http://journal.frontiersin.org/article/10.3389/fpls.2018.00616/full
http://springerlink.bibliotecabuap.elogim.com/10.1007/s11104-011-1016-3
http://springerlink.bibliotecabuap.elogim.com/10.1007/s11104-011-1016-3
http://springerlink.bibliotecabuap.elogim.com/10.1007/s10681-009-0078-2
http://springerlink.bibliotecabuap.elogim.com/10.1007/s10681-009-0078-2
https://f1000research.com/articles/4-1521/v2
http://www.jstor.org/stable/2346101
http://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-2-r14
http://genomebiology.biomedcentral.com/articles/10.1186/gb-2010-11-2-r14
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-9-5598
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-9-5598
http://www.pnas.org/cgi/doi/10.1073/pnas.0506580102
http://www.pnas.org/cgi/doi/10.1073/pnas.0506580102
https://linkinghub.elsevier.com/retrieve/pii/S1674205219300085
https://linkinghub.elsevier.com/retrieve/pii/S1674205219300085

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Data summary
	Co-expressed genes and metabolic pathways
	Assessing gene expression at different levels

	Discussion
	Conclusions
	Methods
	Plant material
	RNA extraction, sequencing and quality of the libraries
	Differential expression and functional enrichment analyses
	Co-expression network and gene set enrichment analysis
	Pathway analysis

	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

