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Abstract

Background: Miscanthus (subtribe Saccharinae, tribe Andropogoneae, family Poaceae) is a genus of temperate
perennial C4 grasses whose high biomass production makes it, along with its close relatives sugarcane and
sorghum, attractive as a biofuel feedstock. The base chromosome number of Miscanthus (x = 19) is different from
that of other Saccharinae and approximately twice that of the related Sorghum bicolor (x = 10), suggesting large-
scale duplications may have occurred in recent ancestors of Miscanthus. Owing to the complexity of the
Miscanthus genome and the complications of self-incompatibility, a complete genetic map with a high density of
markers has not yet been developed.

Results: We used deep transcriptome sequencing (RNAseq) from two M. sinensis accessions to define 1536 single
nucleotide variants (SNVs) for a GoldenGate™ genotyping array, and found that simple sequence repeat (SSR)
markers defined in sugarcane are often informative in M. sinensis. A total of 658 SNP and 210 SSR markers were
validated via segregation in a full sibling F1 mapping population. Using 221 progeny from this mapping
population, we constructed a genetic map for M. sinensis that resolves into 19 linkage groups, the haploid
chromosome number expected from cytological evidence. Comparative genomic analysis documents a genome-
wide duplication in Miscanthus relative to Sorghum bicolor, with subsequent insertional fusion of a pair of
chromosomes. The utility of the map is confirmed by the identification of two paralogous C4-pyruvate, phosphate
dikinase (C4-PPDK) loci in Miscanthus, at positions syntenic to the single orthologous gene in Sorghum.

Conclusions: The genus Miscanthus experienced an ancestral tetraploidy and chromosome fusion prior to its
diversification, but after its divergence from the closely related sugarcane clade. The recent timing of this
tetraploidy complicates discovery and mapping of genetic markers for Miscanthus species, since alleles and fixed
differences between paralogs are comparable. These difficulties can be overcome by careful analysis of segregation
patterns in a mapping population and genotyping of doubled haploids. The genetic map for Miscanthus will be
useful in biological discovery and breeding efforts to improve this emerging biofuel crop, and also provide a
valuable resource for understanding genomic responses to tetraploidy and chromosome fusion.
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Background

The grass subtribe Saccharinae (sugarcanes, sorghums,
miscanthus, and related C4 species) includes a remarkable
array of recently and independently derived polyploids
that arose from a common diploid progenitor. For exam-
ple, sugarcanes carry even multiples of a haploid comple-
ment of x = 10 or x = 8 chromosomes, and exhibit
polysomic inheritance that presumably arose via auto-
polyploidy [1-3] over the past several million years. This
scenario is consistent with the similar monoploid DNA
content of sugarcane (approximately 750 million base
pairs (Mbp) for S. spontaneum, 930 Mbp for S. officinarum
[4] and 730 Mbp for Sorghum bicolor [5]. The ten chro-
mosome pairs of diploid S. bicolor likely represents the
ancestral Saccharinae condition. Polyploidy in Saccharum
arose at least twice, and chromosome number in sugar-
cane is so flexible as to allow a range of natural and artifi-
cial auto- and allo-polyploids up to dodecaploid.

In contrast, the genus Miscanthus has a base chromo-
some number of x = 19, with nominally diploid (2 N =
2x = 38) and tetraploid (2 N = 4x = 76) species, plus the
highly productive triploid interspecific hybrid, Miscanthus
x giganteus. Among a number of possibilities for the dis-
tinctive chromosome number, the most likely is the whole
genome duplication (tetraploidization) of an ancestor pos-
sessing N = 10 pairs of chromosomes [6], although this
has not been demonstrated. Direct comparisons of the
DNA content of Miscanthus to sorghum and sugarcane is
not obviously informative, as the N = 19 monoploid DNA
content of Miscanthus spans 2150-2650 Mbp [7], more
than three times longer than the monoploid content of
eusorghum (745-818 Mbp) [8]. The possible origin of the
nearly doubled chromosome number and tripled haploid
size via polyploidy is further obscured by the high repeti-
tive content of the Miscanthus genome, recently shown by
sample sequencing to be ~95% in M. x giganteus [9].

Chromosome numbers can be unreliable indicators of
even relatively recent polyploidy. For example, 2 N = 20
maize is a paleopolyploid comprising two sub-genomes
that diverged ~12 Mya [10]. Comparative mapping and
sequence analysis reveals that the progenitors of these
sub-genomes also had 2 N = 20, a fact obscured karyotypi-
cally by subsequent chromosome fusions in the maize
lineage. Conversely, while diploid Sorghum bicolor has 10
pairs of chromosomes, other diploid Sorghum species with
comparable DNA content have only five pairs, presumably
a consequence of chromosomal fusions [8]. Similarly,
diploid Brachypodium distachyon has 2 N = 10 chromo-
somes, but other Brachypodium species with comparable
DNA content have 2 N = 20 [11]. In any event, even in a
whole-genome duplication scenario, the odd base chromo-
some number of Miscanthus would require additional
chromosome-scale events such as loss or fusion. The
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description of M. sinensis as “diploid” with 2N = 38 chro-
mosomes is based on chromosome counting, and the
observations that chromosome pairing during meiosis reg-
ularly produces bivalents [12,13].

Despite Miscanthus’ unusual chromosome and DNA
complement relative to other Saccharinae, relatively few
genetic resources have been developed for elucidating the
relationship of the Miscanthus genome to those of its
close relatives. This is in part due to the fact that the most
widely grown Miscanthus biomass crop is the vegetatively
propagated triploid M. x giganteus (3x = 57), which pro-
duces no viable seed [14], and therefore no segregating
progeny. M. x giganteus is among the most productive
known grasses [15] and evidence to date indicates it
derives from a cross between a diploid M. sinensis father
and a tetraploid M.sacchariflorus mother [16]. Another
complicating factor is self-incompatibility, which makes
the production of homozygous genotypes difficult and
forces the independent mapping of meiotic products from
each parent in F1 progeny.

M. sinensis, the likely diploid parent of M. x giganteus
[16], is widely grown as an ornamental grass with rich
genetic diversity, and is itself highly productive. Although
a preliminary genetic linkage map for M. sinensis using
RAPD markers and an “offspring cross” mapping strategy
has been published [17], this map resolves 28 linkage
groups (LGs), many more than the expected 19 LGs. The
marker density of the map is not sufficient for fine-scale
mapping and the reproducibility of RAPD markers is diffi-
cult. These problems can be mitigated by utilization of
simple sequence repeat (SSR) and single nucleotide poly-
morphism (SNP) markers, which are plentiful in the Mis-
canthus genome and are also reproducible across
laboratories. Additionally, SSR markers can be used for
the search of homoeologous chromosomes in the mapping
of polyploid plants [18,19].

Here we report the discovery of genetic variation in Mis-
canthus sinensis using SNP markers discovered by both
deep transcriptome sequencing and amplification of SSRs
that were previously shown to be variable in sugarcane.
Analysis of the segregation of these variants in a reciprocal
F1 cross, as well as genotyping two doubled haploids and
their diploid parents, reveals both allelic (segregating) and
widespread paralogous (fixed) sequence differences. We
obtained a dense map of all 19 linkage groups in M. sinen-
sis with 846 segregating markers. Comparison with the
Sorghum bicolor genome reveals a whole-genome duplica-
tion in Miscanthus, with a single chromosome fusion
accounting for the odd base chromosome number of the
genus. The two sub-genomes of Miscanthus are quite
similar, resulting in variant frequencies among paralogs
that are only modestly higher than those observed
between alleles. Despite this recent duplication, whether
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by allo- or auto-tetraploidy, our map is consistent with
disomic inheritance in Miscanthus, in contrast to the poly-
somic inheritance found in the closely related polyploid
sugarcane. Our genetic map of Miscanthus provides a
valuable resource that can be used to apply both func-
tional genomics to this perennial C4 grass, and marker-
assisted breeding to biomass crop improvement.

Methods

Grosse Fontaine x Undine reciprocal mapping population
A full sib (F1) population was produced by reciprocally
crossing two ornamental M. sinensis accessions, ‘Grosse
Fontaine’ (GF) and ‘Undine’ (UN) propagated in the
greenhouse (Figure 1C), from rhizomes of single plants
established at the SoyFACE plot (Figure 1A and 1B; plant
locations SF20 and SF5 respectively) located at the Crop
Sciences Research and Education center, on the University
of Illinois campus. The temperature of the greenhouse
was maintained between 22.2-29.4°C and supplemental
light (threshold of 600 W/m2) was provided from 6 am to
8 pm. These accessions are variable for a number of phe-
notypes (Additional file 1: Table S1). All measurements
reported were taken from mature plants growing in the
greenhouse (Figure 1C), including plant height, flowering
time and leaf shape. Parent plants were isolated in a green-
house room and reciprocally cross-pollinated to produce
seeds from both parents. Seeds were collected separately
for each direction of the cross and germinated in seed
trays in the Plant Science Laboratory greenhouse at the
University of Illinois at Urbana-Champaign (UIUC). A full
-sib population from both reciprocal crosses was grown in
the greenhouse. The rhizome from each individual was
split and planted in a randomized block design with 3 clo-
nal replicates per plant at the Energy Biosciences Institute
(EBI) farm at UIUC in May 2010 (Figure 1D).

Genomic DNA of the mapping population and the two
parental genotypes was extracted from young leaves using
the Puregene protocol (Qiagen, Valencia, California, USA)
and used for SSR and SNP marker development and geno-
typing. After removing individuals that showed non-paren-
tal alleles, likely due to pollen contamination, 221 F1
individuals defined our mapping population, including 113
with GF as maternal parent and 108 with UN as the
maternal parent. All plants were genotyped for mapping
using SNP and SSR markers as described below.

Transcriptome sequencing and assembly

Total RNA was extracted from young leaves from GF and
UN (the two parents of the mapping population) using a
CTAB RNA extraction method [20]. Paired-end RNA-
seq libraries were made using the Illumina RNAseq kit
(cat # RS-930-1001) as per the manufacturer’s instruc-
tions. The libraries were sequenced at the Keck Center
for Functional Genomics at the University of Illinois on
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Grosse Fontaine

GF x UN F1 population

Figure 1 Parents of the M. sinensis mapping population. A full
sib (F1) population was produced by reciprocally crossing two
ornamental M. sinensis accessions, “Grosse Fontaine” (GF) and
“Undine” (UN). The parents of the mapping population were
propagated from rhizomes taken from two individual plants, UN
(panel A, plant location SF20) and GF (panel B, plant location SF5),
established by Emily Heaton in the spring of 2001 at the SoyFACE
plot located at the Crop Sciences Research and Education center,
on the University of lllinois campus. The photographs of GF and UN
were taken on July 11 2011. Panel B shows the individual GF and
UN plants used to make the F1 mapping population, flowering in
the greenhouse (photograph taken on Dec 14th 2009). Phenotypic
measurements reported in Additional file 1: Table S1, were taken on
these two plants at maturity. Panel C shows the full sib F1 mapping
population in August 2010 at the University of lllinois Energy Farm.
This population was established in the spring of 2010.
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an Illumina GA II platform. A total of 144 million 80 bp
RNAseq reads were generated from 6 lanes of sequen-
cing, with 5 of the lanes producing successful paired-end
reads (found at NCBI short read archive, accession num-
ber SRA051293).

De novo assembly of the raw RNAseq reads for each par-
ent was performed using ABySS [21] with k-mer lengths k
= 25, 30, 35, 40, 45 and 50 bp. All assemblies were run on
fifteen nodes of a cluster (Dual-quad cores (2.83 GHz
Xeons), 16 GB RAM). The assemblies were made non-
redundant by removing contigs that were identical or
completely contained within a larger contig. The resulting
contigs from Undine and Grosse Fontaine were then
merged using Phrap (Green et al., unpublished observa-
tions) version 1.080721, -revise_greedy, -minmatch = 20
and -penalty = -9). This combined assembly (Additional
file 2), was used as the reference sequence for the discov-
ery of single nucleotide variants (SNVs).

Identification of single nucleotide variations from RNAseq
data

RNA-seq reads were aligned back to the combined Undine
and Grosse Fontaine transcriptome assembly using Bowtie
[22,23] and bwa [24,25]. Bowtie was run with the -k option
set to 1 and with the -best option. Bwa was run with -q 15.
The sam output was converted to bam and sorted using
view and sort functions from the samtools suite [26].
Duplicate reads were removed using the samtools rmdup
function as these could be an artifact of the PCR step dur-
ing the construction of the RNAseq libraries. The bam file
was then converted to pileup format using samtool’s
pileup function and SNVs were identified computationally
using VarScan [27]. For the GoldenGate probe set, only
SNVs flanked by at least 50 bp of invariant sequence that
had a minimum of ten reads corroborating each allele
were chosen. There was no tolerance for indels.

To obtain probes appropriate for genotyping with geno-
mic DNA, we screened these 101 bp sequences (the SNVs
chosen for the GoldenGate assay plus the 50 invariant
bases on both flanks) using BLAT [28] against the fully
assembled genomes of four grasses (sorghum, maize, rice,
and Brachypodium distachyon) to eliminate sequences
that contained splice junctions. Illumina further filtered
probes for robustness with respect to the GoldenGate
assay. Additional file 3: Table S3, contains the final SNV
set and assay details required to order the array.

Single nucleotide variant (SNV) genotyping using the
GoldenGate™ and Genome Studio

Genomic DNA from the F1 mapping population and
both parents, as well as two doubled haploid M. sinensis
(IGR-2011-001 and IGR-2011-002) and their parents
(IGR-2011-003 and IGR-2011-004, respectively), were
assayed at the Keck Center for Functional Genomics at
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the University of Illinois using the 1536 SNV GoldenGate
array described above, following the manufacturer’s pro-
tocols. Genotypes were called using Genome Studio (Illu-
mina), which characterizes each genotype according to
the signal intensities measured for the alternate nucleo-
tides that define a SNV. Here and below we denote these
alternate nucleotides “A” and “B.”

For each SNV, Genome Studio clusters signal intensities
to define homozygous and heterozygous genotype calls.
For a segregating (diploid) SNP, one or two homozygous
clusters and one heterozygous cluster are expected,
depending on whether or not the SNP is variable in both
parents (Figure 2A, C and 2E show clusters observed in
biallelic SNPs). In contrast, a SNV that represents a fixed
single nucleotide difference between paralogs (i.e., a non-
segregating variant at two unlinked loci) is revealed when
both parents, and the entire F1 population, form a single
“heterozygous” cluster (data not shown). SNVs that are
fixed at one locus but segregating at another form two or
three clusters as for a conventional diploid SNP, but with
skewed signal intensities (Figure 2B, D and 2F). Each SNV
cluster was reviewed manually in Genome Studio. SNVs
forming more than three clusters were discarded. Two
doubled haploid lines and their parents were also geno-
typed, and used to confirm clustering (Figure 2).

Simple sequence repeat (SSR) marker development
Primers for sugarcane SSRs derived from expressed
sequence tags (ESTs) and intergenic sequences were pre-
viously designed and characterized by James et al., 2011
[29]. We tested these primers in M. sinensis to screen for
markers that are polymorphic within one or both parental
genotypes, GF and UN. Products were amplified in 10 pl
PCR reactions containing 1 pl of genomic DNA (5-10 ng)
from GF or UN, 0.1 pl of forward and reverse primers
(100 uM stock each, Additional file 4: Table S4), 3.8 ul of
ddH20 and 5 pl of 2X GoTaq Green Master Mix (Pro-
mega, Madison, Wisconsin, USA). PCR conditions for the
screening were as follows: 3 min of denaturation at 94°C,
36 cycles of 94°C for 30 sec, 55°C for 30 sec and 72°C for
45 sec followed by a final extension at 72°C for 10 min.
The amplicons were separated on 4% agarose SFR gels
(Amresco, Solon, Ohio, USA) with 1X TBE buffer at 4°C
and visualized with ethidium bromide. Polymorphic mar-
kers resulting from this screen were used for subsequent
genotyping of the Miscanthus mapping population (Addi-
tional file 5: Figure S2).

To genotype the mapping population, products were
amplified in 10 pl PCR reactions containing 1 pl of
genomic DNA (5-10 ng), 0.02 ul of M13 tailed forward
primer, 0.1 pl of each reverse and fluorescent M13 pri-
mers (100 pM stock), 3.78 pl of ddH20 and 5 pl of 2X
GoTaq Colorless Master Mix (Promega, Madison, Wis-
consin, USA). Four M13 primers tagged with FAM,
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Figure 2 Genotype calling using the Miscanthus GoldenGate™ array. The graphs in panels A-F plot normalized theta (ratio of signal
intensities assayed for A and B SNP alleles) against normalized R (signal intensity) for each individual represented as a colored square. Panels A,
G, and E illustrate markers that cluster as predicted for a biallelic SNP, which segregate as AA (red), AB (yellow), or BB (blue). Panels B, D, and F
illustrate markers that cluster as predicted for a SNP distinguishing alleles for one of two duplicated and unlinked loci, where theta is skewed by
the relative dosage of A and B SNPs. In all panels, clusters are defined as sharing alleles with either the Grosse Fontaine (green circles) or Undine
(pink circles) parents, individuals that fall outside the cluster are marked as “no calls” (NC, grey), and the doubled haploid genotype is indicated
by the black arrow. Panel G reports the relative fraction of genotyped segregating SNPs within each clustering type among the Grosse Fontaine
and Undine parents, the population of their F1 progeny, as well as the two doubled haploids and their respective parents. Single cluster markers
(fixed differences between paralogs) behave similarly in diploids and doubled haploids. In contrast, while diploid accessions show extensive
heterozygosity at segregating loci (two- and three-cluster markers), doubled haploids show no heterozygosity.
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VIC, NED and PET at the 5" end were used in this ana-
lysis to fluorescently label the SSR amplicons. All pri-
mers were ordered from Integrated DNA Technologies
(idtdna.com). Touchdown PCR was used to amplify the
SSRs: denaturation at 94°C for 3 min followed by 2
cycles of 94°C for 30 sec, 65°C for 30 sec, and 72°C for
45 sec. The annealing temperature was decreased every
2 cycles by 2°C until 57°C. The amplification was fin-
ished with 26 cycles of 94°C for 30 sec, 55°C for 30 sec,
and 72°C for 45 sec (total 36 cycles) and a final exten-
sion at 72°C for 10 min. Electrophoresis of the ampli-
cons was carried out by the Keck Center of functional
genomics at the University of Illinois, on an ABI 3730x/
with the LIZ600 size markers. Marker scoring was done
using the Genemarker software (Softgenetics, LLC State
College, Pennsylvania, USA).

Linkage analysis and map construction

The 221 F1 offspring were genotyped using fragment ana-
lyses of 210 amplicons from 107 SSR primers and Golden-
Gate analysis of 1536 SNVs (Table 1). A total of 868
markers showed clear polymorphisms or clustering and
were used in the linkage analysis. Genotypes were con-
verted into JoinMap “CP” (cross pollinator) codes based
on the genotypes of the parents and the type of marker.
The linkage map was constructed using the JoinMap
4.1 software [30]. Thirty-five of the markers displayed a
segregation ratio greater than 2:1 when the expected ratio
was 1:1, and greater than 10:1 when the expected ratio
was 3:1 (Table 1). These 35 markers were not considered
during the construction of the initial framework map.
None of the individuals included had missing data for
more than 13 markers. A minimum independence loga-
rithm of odds (LOD) score of 11 and a maximum recom-
bination frequency of 0.4 was used to define linkage
groups in all map calculations mentioned here on.

Synteny with Sorghum bicolor genome
Mapped Miscanthus markers were aligned to the Sorghum

bicolor genome using blastn 2.2.25+ [31] with wordsize 10

Table 1 Summary of SSR and SNP Marker
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and BLAT [28] (default parameters). From these two
alignments the SNP markers were assigned to a position
in sorghum if they had the largest number of identical
residues and shared at least 80% of the residues in the
probe. The positions of markers in centiMorgans on the
19 Miscanthus linkage groups were plotted versus these
aligned positions to the sorghum genome coordinates.

Comparison to sorghum genetic map

The consensus map for Sorghum bicolor developed in
Mace et al. [32] was adopted. Sequence-tagged markers
were extracted from supplemental materials of this
paper and Genbank, and aligned to the chromosome
sequences of sorghum [5]. Sorghum map positions for
our Miscanthus markers were then inferred by linear
interpolation using flanking markers from the sorghum
map, assuming locally constant recombination rates.

Sequence of the 3rd intron of Miscanthus C4-PPDK

PPDK sequences in Genbank (accession numbers
AY262272.1, AY262273.1), and the GF and UN RNAseq
sequences and assemblies were aligned to the genomic
PPDK locus on sorghum chromosome 9. Primers PPDK-
int3F and PPDK-int3R (5-AACCTGGCGGAGATG
TCGA-3" and 5-AGGTAGACTTCCTTGTACTGA-3’
respectively) were designed to amplify the third intron of
C4-PPDK from both Undine and Grosse Fontaine. The
primers amplified two fragments, between 1500 and 2000
bp, from each parent. Each amplicon was cloned sepa-
rately into pGEM-t easy (Promega) and a total of 45 clones
(10 to 15 clones from each band) were Sanger sequenced
using three oligonucleotide primers, (SP6, T7 and 5’-
GAGACAGCGATTGGACTAAGC-3’). The sequences
were aligned using the Sequencher sequence analysis soft-
ware (Gene Codes Corporation, Ann Arbor, MI USA).

Phylogenetic analysis of intron sequences

Intron and flanking exon sequences from primer to pri-
mer were aligned with Muscle [33] and trimmed to
remove ambiguous sites. Orthologous introns from

Type of Number of primer pairs/ Number of Polymorphic Markers Markers Markers
Marker SNPs amplicons amplicons polymorphic  polymorphic polymorphic in
in Undine in Grosse both parents
Fontaine
Segregation ratio
11 > 21 11 >21 31 > 1:2:1
10:1
EST 29 91 73 33 21 2 15 2
SSRs
Genomic SSRs 78 210 137 48 2 50 25 12
SNPs 1536 n/a n/a 238 16 212 1 191
Total n/a n/a 318 17 280 0 40 0 191
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S. bicolor, S. officinarum, and Z. mays were identified
from sequences in Genbank. For the purposes of phylo-
genetic analysis, identical sequences were removed.
Gblocks [34] was used to identify blocks of well-aligned
sequence with a minimum of 6 sequences for a con-
served position, 8 for a flanking position, 8 as the maxi-
mum number of contiguous non-conserved positions,
half allowed gap positions, and a minimum block size of
5. The final alignment had 1,337 positions. MrBayes
[35] was used to produce a consensus phylogenetic tree
(50,000 generations, with sampling frequency, 100),
using an inverted gamma distribution for rate variation.
Midpoint rooting was used.

Mapping Miscanthus C4-PPDK loci

The G/A polymorphism at position 397 in the sequence
alignment, shown in Additional file 6: Figure S6A, was
used as a CAPS marker [marker identifier EBI-847] as this
polymorphism results in the presence of an N/el restric-
tion enzyme site (5-GCTAGC-3’). Nhel (NEB # R0131S)
was used to digest amplicons obtained from PPDK-int3F
and PPDK-int3R in the parents and population. The popu-
lation was scored for the presence of one or two bands as
marker EBI 847.

A second SSLP marker (EBI-848) was designed around
two indels between positions 1354 and 1388. Oligos
PPDK-UD3F and PPDK-UD3R (5'-AAAGGTGAACA-
TAGTTTCG-3 and 5-CATAGTTCG(T/A)AGCGT-
GAG-3’ respectively), were designed around these indels
(Additional file 6: Figure S6B) and used to amplify the
locus from the population and the parents. The plants
either amplified a single fragment (132 bp) or amplified
two fragments (132 bp and 118 bp). The 118 bp amplicon
segregated in the population and was scored as EBI 848.

Results and discussion

RNAseq and the genomic sequence of related species can
be used to define SNVs

To develop a collection of putative SNVs for Miscanthus,
we sequenced transcriptomes of M. sinensis 'Grosse Fon-
taine’ and ‘Undine’ leaves and leaf rolls using deep RNA-
seq. Across both accessions, we generated over 21 Gbp in
predominantly paired 80 bp Illumina GA II reads (Addi-
tional file 7: Table S2, NCBI Short Read Archive accession
number SRA051293). From these RNAseq data we
assembled a unified set of 29,933 contigs longer than
100 bp (Additional file 2). The median contig length was
522 bp, with half of the total contig length accounted for
by 6,433 contigs longer than 1,071 bp (the contig N50).
We identified SNVs by realigning the RNAseq reads
against the assembled transcriptome contigs and requiring
strong support for two alternate variants embedded in
otherwise nearly identical flanking sequence, to enable
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straightforward high-throughput genotyping. Other varia-
tion observable in the dataset was not considered further.

Since our aim was to define variants that could be geno-
typed by a GoldenGate assay with genomic rather that
transcriptomic samples, we excluded from consideration
probe sequences that spanned a putative exon-exon
boundary. To do this in the absence of a Miscanthus geno-
mic reference, we took advantage of the extensive conser-
vation of exon-exon boundaries in grasses [5] to identify
and reject likely exon-junction-spanning probe sequences
by comparison with the genomes of sorghum, maize, and
rice. To facilitate syntenic comparisons between Mis-
canthus and related species, we also chose for genotyping
those SNVs that (1) could be readily assigned to homologs
in sorghum by sequence similarity and (2) had homologs
that were distributed across all sorghum chromosomes
(Additional file 8: Figure S1).

Results of GoldenGate genotyping

Out of 1,536 putative markers on the Miscanthus Golden-
Gate array (Additional file 3: Table S3), 1,243 showed one
or more clusters in GoldenGate signal space (Figure 2),
indicating consistent genotyping across individuals. The
remaining 293 putative markers showed dispersed or very
low signal in Genome Studio and were considered failed
assays, and not investigated further. Of the 1,243 success-
ful oligonucleotide assays, we found that 93 assays showed
signal for only one probe, and appear to be homozygous
across both parents and their progeny or represent cases
where the second oligo probe failed. After excluding these
failed or invariant assays, we were left with 1,150 markers,
of which 658 formed 2 or 3 clusters in signal space. The
remaining markers appear as either a single centrally
located cluster, more than three clusters, or dispersed
signal, and were not considered further.

Intepretation of GoldenGate SNP genotypes

By considering the patterns of genotypes across our F1
mapping population, we found that many of the SNV’s
discovered by RNAseq analysis are indeed segregating
biallelic markers (i.e., single nucleotide polymorphisms,
or SNPs). Others, however, represent fixed differences
between closely related paralogous loci. Furthermore,
many segregating biallelic markers have their Golden-
Gate signal affected by a closely related paralog that has
the same sequence as the marker allele. Signal from such
paralogous alleles causes the cluster positions in Genome
Studio to be skewed in a characteristic manner that is
readily recognized. A plot of normalized theta (ratio of
signal intensities assayed for A and B SNP alleles) against
normalized R (signal intensity) per marker for each indi-
vidual can be used to visualize genotypes in a segregating
population (Figure 2A-2F). The values of normalized
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theta are close to 0 in samples where the genotype is AA,
close to 0.5 if it is AB and close to 1 if it is BB.

In situations where more than one locus is being
sampled, and where the sequence of a second (paralogous)
locus matches one of the two allelic states of the SNV in
the segregating locus, the clusters are skewed towards the
allele sharing the common nucleotide (Figure 2B, C and
2D). In Figure 2B, locus 1 is heterozygous for A and B
SNVs in both parents and hence produces AA, AB, or BB
progeny, whereas the second paralogous locus is fixed for
the B SNV in both parents and progeny. This results in all
three clusters being skewed to the right due to the higher
dosage of SNV B. Figure 2D shows a scenario where the
GF parent is AB and the Undine parent BB at locus 1,
whereas the second locus is fixed for SNV A in both par-
ents and progeny, which shifts clusters to the left due to
higher dosage of SNV A. A similar situation is shown in
Figure 2F where UN rather than GF is segregating at locus
1. For mapping of segregating loci, panels A and B indicate
markers that are heterozygous in both GF and UN par-
ents, panels C and D show markers heterozygous in only
the GF parent, and panels E and F markers heterozygous
in only the Undine parent. Markers shown in Figure 2E
and 2F share the feature where the genotype of the two
different sampled doubled haploid lines carry either the A
or B SNV, but no progeny share the B/B genotype because
their parents have either an A/A (GF) or A/B (UN)
genotype.

Notably, 26% of the two-cluster SNV’s showed skewed
signal intensities in the GoldenGate assay, indicating that
the two alternative sequences are not present in equal
dosages. This observation is consistent with the sequence
variants being detected from more than one locus, and
suggests that many of the variant sequence pairs A and B
appear as heterozygous alleles at one locus (A/B) but are
fixed at a second locus (i.e., A/A or B/B), resulting in a
~3:1 ratio of signal intensities on the GoldenGate assay. If
both parents show allelic variation at one locus but are
fixed for the same allele at a second paralogous locus, then
segregating progeny may show 2:2, 3:1, and 4:0 dosages,
consistent with observations (Figure 2A. EBI 832, EBI 693
and EBI 635).

A second class of SNV (33%) formed only a single clus-
ter of genotypes (data not shown). For these SNVs, both
parents and all progeny had the same genotype. This is
consistent with the pattern expected from fixed differences
between paralogous loci (e.g., A/A at one locus and B/B at
another) that do not segregate in progeny. These SNV’s
are not useful as genetic markers, since both parents and
all progeny fall into a single “heterozygous” cluster and
there is no genetic segregation of alleles. The proportion
of both single cluster and skewed two-cluster SNVs (59%)
should not be used as a direct estimate of the degree of
paralogy due to the potential biases introduced by our
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SNV discovery and selection. These paralogous loci, how-
ever, do suggest extensive paralogy in the Miscanthus gen-
ome, which is corroborated by the genetic map as shown
below.

Only a small minority (5 out of 1536) of the SNVs that
we identified by RNAseq analysis formed more than three
clusters in signal space, and could not be simply inter-
preted either as segregating alleles or fixed paralogous var-
iants. The rarity of such SNV’s in this analysis suggests
that a similar RNAseq-based protocol could be useful in
SNP discovery from other Miscanthus populations and
species lacking genomic reference sequences.

For 658 out of 1,150 genotyped Miscanthus SNVs,
the GoldenGate intensities in our F1 mapping popula-
tion could be grouped into two (467) or three (191)
clusters of genotypes in signal space, indicating variants
that are found in both homozygous and heterozygous
states in the population. We interpreted the two-clus-
ter class of SNV’s as segregating SNPs that are hetero-
zygous in one parent and homozygous in the other,
with progeny of both types. Similarly, the three-cluster
classes of SNVs are interpreted as SNPs that are het-
erozygous in both parents, allowing for homozygous
offspring of two types as well as heterozygotes. The
interpretation of these SNV as segregating SNPs in our
cross is supported by the integration of these markers
into a consistent linkage map with limited segregation
distortion (below).

Corroboration of allelic and fixed differences using
doubled haploid lines

To test our hypothesis that many SNV’s represent fixed
differences between paralogous loci, we also genotyped
two M. sinensis double haploid lines and their parents.
Since the doubled haploids were developed by another
culture from outbred diploid parents (Glowacka, unpub-
lished observations), we had two expectations.

First, for the SN'V’s that are inferred to be biallelic SNPs
in our F1 cross, we expect that some of them will corre-
spond to heterozygous loci in other M. sinensis accessions,
including the outbred parents of the doubled haploid
lines. If these SNV’s are bona fide allelic variants, however,
then the doubled haploids should be homozygous for all
such variants. Figure 2G shows the segregation of alleles
in the GoldenGate assay. In situations where two or three
clusters are observed in the GoldenGate, consistent with a
biallelic SNP, the double haploids are either A/A or B/B
homozygotes while the mapping population has all three
allelic states, as expected.

Second, for SNV’s that are inferred to be fixed differ-
ences between paralogs, both variant states should be
observed in the doubled haploids as well as their parents.
This is observed as a single AB cluster on the Golden-
Gate array (Figure 2G).
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Genotyping summary

Taken together, our analyses of the F1 mapping popula-
tion and the two doubled haploid lines show that we can
distinguish segregating allelic variants at a single locus
from fixed differences between paralogs, even in the face
of extensive gene duplication. These data suggest that
many Miscanthus genes have a closely related paralog
that cannot be easily differentiated in the short read tran-
script data, but which assort independently. Using segre-
gation patterns from a high density of genetic markers a
linkage map can be constructed.

SSR primers from sugarcane identify allelic and
paralogous polymorphism in Miscanthus

Since Saccharum (sugarcane) is a close relative of Mis-
canthus, we reasoned that primer pairs that amplify sim-
ple sequence repeats in Saccharum would also be likely
to amplify polymorphic SSRs in Miscanthus [36]. Sixty-
eight percent of the 2,640 SSRs primer pairs mined from
sugarcane ESTs produced amplicons when tested with
Miscanthus. Only 51% of the 2,628 SSR primer pairs
derived from Saccharum genomic sequences produced
amplicons with Miscanthus. Of these, 188 EST- and 237
genome-derived primers generated polymorphic ampli-
cons between the two parental genotypes. Primers that
produced non-specific amplicons were excluded. We
genotyped the F1 mapping population using 107 primers
pairs (29 and 78 primers from EST and intergenic
sequences, respectively) out of 425 polymorphic primers.
One hundred and seven primers produced 20 marker
configurations (Additional file 4: Table S4, Additional file
5: Figure S2). Among them, 69 primers follow disomic
marker configurations but 38 primers (35.5%) do not fit
disomic configurations, producing more than 3 ampli-
cons in one or both parents (Additional file 4: Table S4).
One hundred and seven primers produced a total of 301
amplicons and among them, 210 were polymorphic
between two parental genotypes and segregated in pro-
geny populations. One hundred ninety three amplicons
out of 210 were actually mapped (Table 1 Additional file
9: Table S5).

An integrated linkage map for M. sinensis

Using the 868 segregating markers defined above, we
constructed an integrated linkage map for M. sinensis
using JoinMap 4.1. We took advantage of a newly imple-
mented multipoint maximum likelihood model for con-
structing a map from an F; cross of two outbred parents,
using the Haldane mapping function [30]. In contrast to
a pseudo-testcross approach, which utilizes markers that
are heterozygous in one parent but homozygous in the
other, the new method can also incorporate markers that
are heterozygous in both parents. While pseudo-testcross
based analysis results in separate maps for each parent,
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the combined approach allows direct integration into a
single map of crossovers that occur in either or both par-
ents by using the markers that are heterozygous in both
parents as anchors.

Only 48 out of 868 markers show segregation distor-
tion (p < = 0.005 using the chi-squared goodness of fit
test). Of these, 35 were highly distorted markers, and not
included in the initial framework map. These highly dis-
torted markers include 21 with a segregation ratio greater
than 2:1 when they should have been 1:1, and 14 with a
segregation ratio greater than 10:1 when they should
have been 3:1 (Table 1). Of the remaining 833 segregat-
ing markers (641 SNPs and 192 SSRs), 829 were incorpo-
rated into 19 major linkage groups using a minimum
logarithm of odds (LOD) score of 11 and maximum
recombination frequency of 0.4. The JoinMap 4.1 maxi-
mum likelihood method was used to calculate the map
order of the framework map. Four SNP markers that
were placed more than 40 cM away from the nearest
marker on the linkage group were excluded and marker
order for those linkage groups was recalculated. An
attempt was then made to replace the 35 highly distorted
markers on the ML map, keeping the marker order of
the framework map constant and using the same map
calculation parameters as before. Seventeen of the 35
highly distorted markers were incorporated. This map
with 846 markers is shown in Figure 3.

Independent regression maps for each parent were also
constructed to corroborate the robustness of marker order
(Additional file 9: Table S5, Additional file 10: Figure S3
and Additional file 11: Figure S4). The total length of the
19 linkage groups on the ML map is 1782 c¢M, with an
average intermarker spacing of 2.7 ¢M (excluding markers
with identical map positions). Thus we expect that the
missing map length from the telomeric ends of the linkage
groups [37,38] accounts for roughly 2 x 19 x 2.7 cM =
102 cM, for a total estimated map length of 1884 cM. In
the Grosse Fontaine map, 94% of the markers lie within
10 cM of each other, while in the Undine map only 90%
meet this criterion. In the integrated map, 97% of the
mapped markers lie within 10 ¢cM of another marker,
attesting to the dense coverage of the map.

Disomic inheritance and limited segregation distortion

Transmission of each linkage group is consistent with
pure disomic inheritance in M. sinensis (i.e., complete
preferential pairing of homologs), with no evidence for
tetrasomic inheritance (i.e., pairing and recombination
between homoeologs). Furthermore, very few markers
show segregation distortion (48 out of 868; p < = 0.005
using the chi-squared goodness of fit test), and those that
do are concentrated on Ms2, Ms3, Ms4, Ms12, and
Ms13. Overall there is more segregation distortion in
Undine. Twenty of the 24 distorted UN markers lie on
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Figure 3 Integrated genetic map for M. sinensis. Markers on each of the 19 linkage groups are shown as horizontal lines at their estimated
map position on the integrated map, with scale in centiMorgans on left. Marker type is shown by color (blue, heterozygous in GF only; orange,
heterozygous in UN; black, heterozygous in both GF and UN). Markers that are heterozygous in both parents allow individual parental maps to
be combined. Marker types and positions are specified in Additional file 9: Table S5. Linkage groups are numbered based on extensive synteny
with sorghum (see Figure 4).

Ms4 (Additional file 12: Table S6). Potential causes of
segregation distortion include the following three possibi-
lities: (1) Failure to complement deleterious recessive
alleles heterozygous in both GF and UN parents that
reduce viability of F1 progeny; (2) Interactions between
genomes, e.g., meiotic drive in F1 gametophytes, gameto-
phytic competition or pollen-pistil interactions like self-
incompatibility; (3) Proximity to areas of suppressed
recombination like centromeres and nucleolus organizer
regions. The design of our cross makes it difficult to dif-
ferentiate among these possible explanations.

Whole genome duplication with extensive conserved
synteny to sorghum

Since our Miscanthus markers were derived from (1) tran-
scribed regions with reduced sequence variation (SNPs)
and (2) sequences from conserved ESTs and intergenic
regions (SSRs), many of them could be unambiguously

assigned to orthologous (i.e., evolutionarily homologous)
positions on the Sorghum bicolor genome sequence by
straightforward sequence alignment. Out of 653 SNP loci
on the integrated Miscanthus map, 618 could be placed
on the sorghum genome. Similarly, out of 193 SSRs on the
map, 126 could be placed on the sorghum genome.

A simple dot plot (Figure 4A) strikingly reveals com-
plete whole-genome duplication in M. sinensis relative to
sorghum, with most chromosomes showing near perfect
colinearity at the scale of our genetic map. After recog-
nizing this extensive synteny, we oriented and renum-
bered the Miscanthus linkage groups to emphasize this
correspondence between Miscanthus and sorghum. Every
sorghum chromosome exhibits nearly complete marker
synteny with a pair of Miscanthus linkage groups. Eight
sorghum chromosomes are completely duplicated, show-
ing a 1:2 correspondence to Miscanthus linkage groups.
We infer the whole genome nature of the duplication by
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copy of sorghum chromosome 7.
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the density of colinear markers in sorghum euchromatin,
where our gene-biased markers are found. The only evi-
dent rearrangement in these chromosomes is a small
inversion near the top of Sb4 relative to Ms8 and Ms9.
Since Ms8 and Ms9 share the same ordering in this
region, this inversion either occurred in the sorghum
lineage, or in the stem lineage of Miscanthus prior to the
tetraploidization event, or is an error in the sorghum
genetic map or sequence assembly.

The remaining two sorghum chromosomes, Sb4 and
Sb7, are also duplicated over their entire euchromatic
spans, but show a more complex pattern of synteny with
Miscanthus. Ms8 is an intact copy of Sb4, and Ms13 is an
intact copy of Sb7. The second copies of these two sor-
ghum chromosomes, however, are fused into the single
linkage group Ms7. Ms7 then appears as a copy of Sb7
inserted into the centromeric region of Sb4 (Figure 4B).
This single fusion explains the odd base chromosome
number of Miscanthus. By following the relative orienta-
tions of sorghum chromosome arms in Miscanthus, we
see that this fusion has the characteristic form of a type of
insertion previously observed in other grasses [39]. Since
all Miscanthus species have the same base chromosome
number, this fusion presumably occurred in the lineage
leading to the last common Miscanthus ancestor.

Mapping C4-PPDK loci in Miscanthus

C4 photosynthesis in the Panicoideae (including maize,
Saccharinae, millet, switchgrass, Miscanthus) is facilitated
by a C4-specific form of the pyruvate, phosphate dikinase
enzyme (C4-PPDK). Physiological and molecular evi-
dence suggest that altered expression of C4-PPDK may
contribute to cold tolerant C4 photosynthesis in Mis-
canthus x giganteus [40,41]. The closely related Sorghum
bicolor has a single C4-PPDK gene located on chromo-
some 9 [5]. Sequencing of cloned ¢cDNAs from triploid
Miscanthus x giganteus identified five distinct transcripts,
including one apparent pseudogene [40], which suggests
even greater genetic complexity than three homoeolo-
gous C4-PPDK alleles. Based on our observation of
whole genome duplication, we reasoned that M. sinensis
might have an unlinked pair of paralogous C4-PPDK
genes. Based on synteny considerations, we expected that
these C4-PPDK’s would lie on Miscanthus LG’s, 16 and
17, both of which are syntenic to Sorghum 9.

To look for C4-PPDK paralogs in M. sinensis, and to
identify the genetic map position or positions of these
gene(s), we designed primers to amplify the third intron of
the gene based on the single previously known Miscanthus
C4-PPDK. Two amplicons were observed in both parents,
and both were cloned and sequenced. Cladistic methods
identified two distinct paralogs of C4-PPDK (Figure 5A),
which we named C4-PPDK1 and C4-PPDK2.
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By aligning partial sequences of C4-PPDK in M. sinensis
with the homologous sequence in S. bicolor, S. officinarum,
and Z. mays, we measured the sequence divergence and
phylogenetic relationship between the two Miscanthus
homoeologs and homologous sequences in related out-
groups (Figure 5A). The divergences between Ms
C4-PPDK1 and sorghum and sugarcane C4-PPDK are
comparable, suggesting that the origin of Miscanthus
could be contemporaneous with the split between sor-
ghum and sugarcane. Ms C4-PPDK2 branches outside of
the Ms C4-PPDK1/sorghum/sugarcane clade, which could
indicate that the other parent involved in Miscanthus tet-
raploidy was more divergent. These inferences, however,
are weak due to the limited sequence length used in the
analysis.

To map the two evident paralogs of C4-PPDK, we
designed markers for each gene based on observed intro-
nic sequence variation. Marker EBI 847 is a Cleaved
Amplified Polymorphic Sequence (CAPS) marker designed
to detect the SNV at position 397 in Additional file 6:
Figure S6A, and marker EBI 848 is a sequence length poly-
morphism (SLP) marker that detects two indels between
1354 bp and 1388 bp (Additional file 6: Figure S6B). Both
markers show a 1:1 segregation ratio (Additional file 13:
Table S7). EBI 847 maps to Miscanthus linkage group
Msl16 at 36.8 cM on the integrated map (41.2 ¢cM on
the GF maximum likelihood map) while EBI 848 is placed
on linkage group Ms17 at 19.2 cM on the integrated map
(20.1 cM on the UN maximum likelihood map).
Miscanthus linkage groups 16 (C4-PPDK1) and 17 (C4-
PPDK?2) are the homoeologs of S. bicolor chromosome 9,
which contain sorghum C4-PPDK (Figure 5D). This
demonstrates both the utility of our genetic map and sor-
ghum synteny for mapping genes in Miscanthus. This is
the first documentation of the presence of two paralogous
(indeed, homoeologous) C4-PPDKs in Miscanthus. The
presence of two paralogs provides an opportunity for regu-
latory divergence and could contribute to the ability of
Miscanthus to perform cold tolerate photosynthesis.

Conclusions

All grasses are paleopolyploid by virtue of an ancient
whole genome duplication that occurred ~70 million years
ago (mya) in a common ancestor of extant Poaceae
[42-44]. Many lineages within the grasses have also experi-
enced more recent polyploidization events superimposed
on this early event. Here we have shown that Miscanthus
sinensis is a recent polyploid. Through comparative analy-
sis of our M. sinensis genetic map with the Sorghum bico-
lor genome, we account for the base chromosome number
x = 19 of the genus Miscanthus by a doubling of the
ancestral Sacccharinae number x = 10, and a subsequent
chromosome fusion. Some taxonomists have included in
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the Miscanthus genus several African accessions that have
a base chromosome number of x = 15 (Amalraj and Bala-
sundaram 2006; Hodkinson et al. 1997; 2002) and Himala-
yan accessions where 2N = 40 (Amalraj and Balasundaram
2006). These may represent ancestral configurations (e.g.,
2N = 40), additional karyotypic changes (x = 15), or
misclassifications.

Since most common Miscanthus species (M. sinensis,
M. sacchariflorus, M. lutarioriparia, M. floridulus) share
the base chromosome number 19, both the genome
duplication event and the chromosome fusion likely
occurred within the last several million years, at or near
the base of the Saccharinae. Although we cannot rule
out recurrent polyploidizations in the lineages of multi-
ple Miscanthus species, a single origin is most parsimo-
nious. Our M. sinensis map is consistent with disomic
inheritance, without pairing of homoeologous chromo-
somes despite their limited sequence divergence. The
situation in Miscanthus is similar to that found in hexa-
ploid wheat, where closely related species hybridized in
allopolyploid fashion, retaining their original chromoso-
mal pairing patterns in a larger genome. Tetraploidiza-
tion provides the opportunity for a lineage to explore
the regulatory and functional diversification of dupli-
cated genes [45-48].
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Remarkably, when measured in map units, the M.
sinensis and S. bicolor genetic maps are linearly related,
indicating that the inserted repetitive sequence in the
Miscanthus genome is not recombinogenic (Additional
file 14: Figure S5). The total length of the 19 linkage
groups of our M. sinensis map (~1890 cM) is compar-
able to the map length of the 10 linkage groups in the
S. bicolor genome (~1605 cM [32]). Naively, the dou-
bling of chromosome number would be expected to
substantially increase the total map length, based on the
rule of thumb that each chromosome arm experiences
approximately one crossover per meiosis. This suggests
that the Miscanthus duplication is recent enough that
whatever cellular mechanism is responsible for regulat-
ing crossover frequency has not had time to adjust to
the new karyotype.

It is tempting to speculate that the ensuing chromo-
some fusion was a critical evolutionary event that estab-
lished the genus through reproductive isolation of the
nascent Miscanthus population. Subsequent radiation
could then have produced numerous Miscanthus spe-
cies, some of which (e.g., tetraploid M. sacchariflorus)
underwent additional polyploidization. The nature of
these later events is unknown. The ancestral chromo-
some fusion itself can be understood as arising from the
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Figure 6 Mechanism for insertional dysploid reduction of ancestral chromosomes [36]. The arms of the progenitors of Sb7 and Sb4 are
indicated in blue and orange, respectively. Centromeres are shown as solid circles, and telomeres as grey rectangles. (A) original configuration.
(B) intermediate state in which (1) chromosome 7 circularizes, and (2) 7 and 4 recombine at breaks that occur within centromeres. The order of
occurrence of circularization and break/recombination are unspecified. (C) The resulting order and orientation matches that found in Ms7 (Figure
4B). Note that the original telomeres of 7 lie within the fused chromosome, and are presumably lost. Only one of the two centromeres (shown
as mix of orange and blue) survives. An analogous event is proposed to have produced chromosome 4 of Aegilops tauschii [36].
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insertion of one chromosome into the centromeric
region of another (Figure 6). Insertional fusions have
been inferred in other grasses [36], and an insertion
with the same orientational properties that we observed
has been described for Aegilops tauschii chromosome
4D.

The recent and extensive nature of the Miscanthus
genome duplication, coupled with our use of RNA-seq
to discover single nucleotide variant markers, required a
careful analysis of segregation patterns in our F1 map-
ping population to extract bona fide allelic polymorph-
isms from a background of comparable sequence
variation that arises from fixed differences between
paralogous (and nominally homoeologous) loci. Given
the large genome size of Miscanthus, deep RNA-seq was
an efficient and cost-effective way to identify many sin-
gle nucleotide variants. Our integration of the resulting
single nucleotide polymorphism markers with simple
sequence repeat markers confirms the validity of this
approach. We took advantage of a new maximum likeli-
hood method for full sib mapping [30] that allows the
integration of parental maps. These methods may be
useful for rapidly developing markers and maps for
other species with complex ploidy.

Since our M. sinensis genetic map has good coverage
of all 19 linkage groups, and shows limited segregation
distortion that is clustered in three regions, we antici-
pate that it will be useful for further exploration of the
Miscanthus genome. As a first step in this direction, we
used our genetic map and the knowledge that Mis-
canthus is recently duplicated relative to sorghum to
discover and map two homoeologous copies of the C4
pyruvate, phosphate dikinase enzyme (C4-PPDK), which
appears at the expected syntenic position relative to sor-
ghum C4-PPDK. Whether or not the two C4-PPDK
genes have distinct roles is unknown. The ability to
separate homoelogous loci suggests that our map could
be valuable for both identifying quantitative trait loci in
Miscanthus, and for marker-assisted breeding improve-
ment of this emerging bioenergy crop.

Additional material

Additional file 1: Table S1. Phenotypes of the M.sinensis 'Grosse
Fontaine” and M.sinensis 'Undine’ parents, as measured in mature plants
grown in the greenhouse (Figure 1 panels C).

Additional file 2: Fasta file of the M.sinensis RNAseq assembly.

Additional file 3: Table S3. GoldenGate OPA containing the probe
details for every marker, as provided by Illumina.

Additional file 4: Table S4. File containing the primer details for all the
SSRs.
Additional file 5: Figure S2. Different amplicon profiles seen in the

fragment analysis of SSR markers. The length of the amplicon, in bp, is
shown on the horizontal axis and the fluorescence intensity on the
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vertical axis. Several profiles show “stutter peaks” that are associated with
a main peak. These are not counted as distinct marker states.

Additional file 6: Figure S6. Sequence alignment of two independent
regions of Miscanthus PPDK paralogs 1 and 2 illustrating indels and SNV
used as molecular markers to place C4-PPDK on the linkage map. A) 129
base pairs of sequence from PPDK paralog 1. The G/A single nucleotide
polymorphism was converted into the CAPS marker, EBI 847. B) 129 base
pairs of PPDK paralog 2 containing indels that were converted into a
sequence length polymorphism marker, EBI 848. The oligonucleotide
primers, UD3F and UD3R, used to amplify this region are shown.

Additional file 7: Table S2. RNA sequencing and assembly data table.

Additional file 8: Figure S1. Distribution of sorghum gene models (top
stripe, green), Grosse Fontaine and Undine RNAseq reads (middle stripe,
depth in log scale Blue-Orange-Green), and genotyped SNVs (bottom
stripe, red) along the ten Sorghum bicolor chromosomes. Each
chromosome shown to scale (length in Mb shown to left).

Additional file 9: Table S5. Markers listed in the order of occurrence on
the combined maximum likelihood linkage map, with linkage group and
map position in cM.

Additional file 10: Figure S3. Colinearity dot plots of the two mapping
methods, maximum likelihood and regression (Kosambi).

Additional file 11: Figure S4. Colinearity dot plots of the Grosse
Fontaine maps versus the Undine maps made using the maximum
likelihood (top) and regression algorithms (bottom).

Additional file 12: Table S6. Genotype scores and marker statistics
including segregation distortion for markers and mapping statistics for
the integrated map shown in Figure 3.

Additional file 13: Table S7. Details of revised linkage groups 16 and
17 including two C4-PPDK markers.

Additional file 14: Figure S5. Linearity of genetic maps for Sorghum
bicolor and Miscanthus sinensis. Markers with unique placement in
sorghum were assigned map positions by interpolation relative to the
map of Mace et al. 2009 [30].
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