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Abstract Compared to maize and temperate grasses,

sorghum has received less attention in terms of improving

cell wall components. The objectives of this study were to

identify quantitative trait loci (QTL) with main effects,

epistatic and pleiotropic effects along with QTL 9 envi-

ronment (QE) interactions controlling fibre-related traits in

sorghum. Neutral detergent fibre (NDF), acid detergent

fibre (ADF), acid detergent lignin (ADL), cellulose,

hemicellulose, fresh leaf mass, stripped stalk mass, dry

stalk mass, fresh biomass and dry biomass were analysed

from a population of 188 grain 9 sweet sorghum recom-

binant inbred lines. A genetic map consisting of 157 DNA

markers was constructed, and QTL were detected using

composite interval mapping (CIM). CIM detected more

than 5 additive QTL per trait explaining 7.1–24.7% of the

phenotypic variation. Abundant co-localization of these

QTL was observed across all chromosomes, and the

highest cluster was identified on chromosome 6. Searching

for candidate genes using the confidence interval of our

QTL clusters reveals that these clusters might comprise a

set of genes that are tightly linked. Some QTL showed

multiple effects; however, the allele for each trait was

favouring the parent with the increasing effect. QE inter-

actions were observed for QTL showing multiple effects.

Additive 9 additive interaction was observed for 7 out of

10 traits, indicating the importance of epistatic analysis.

However, the phenotypic variation explained by digenic

interactions was lower compared to the individual QTL.

Our results indicate that various genetic components con-

tribute to fibre-related traits and should be considered

during the enhancement of sorghum for lignocellulosic

biomass.

Introduction

Grasses display significant genetic variation in digestibil-

ity, structure and components of cell wall (Grabber et al.

2004). Plant cell walls contain cellulose fibrils entrenched

within a matrix of lignin, hemicelluloses, inorganic sol-

vents, proteins and phenolics. Cellulose is the most abun-

dant polymer on earth (Lerouxel et al. 2006; Taylor 2008)

and make up 40% of the dry mass in secondary cell walls

compared to 15–30% in primary cell walls (Sticklen 2008).

Recently, high-throughput genomic technologies made a

significant contribution in understanding the molecular

details involved in cellulose biosynthesis (Dhugga 2007;

Lerouxel et al. 2006). Genome sequencing revealed that all

higher plants have multiple cellulose synthase (CESA)

catalytic subunit proteins encoded by the CESA genes.

Unlike cellulose, an unbranched polymer that contains

anhydrous glucose, hemicellulose is a branched polymer

containing glucose, xylose, mannose, arabinose and gal-

actose. Cosgrove (2005) reported that xyloglucan and

arabinoxylan are the most abundant hemicelluloses.
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Structural similarities between ß-1,4-glucan chains of cel-

lulose and the backbones of various ß-linked hemicellulo-

sic polysaccharides suggest that cellulose synthase-like

(CSL) genes might be involved in the biosynthesis of he-

micelluloses (Lerouxel et al. 2006).

Lignin is an amorphous polymer consisting of the three

aromatic alcohols (monolignols) p-coumaryl, coniferyl and

sinapyl alcohols (Buranov and Mazza 2008). The respec-

tive aromatic constituents of these alcohols in the polymer

are p-hydroxyphenyl (H), guaiacyl (G) and syringyl

(S) moieties (a part or half a molecule), which are trans-

ported from the cytosol to the apoplast. During the ligni-

fication process, these monolignols produce a complex

three-dimensional amorphous lignin polymer via linkages

which lack the regular and ordered units, such as those in

cellulose or protein.

Unlike in woody plants, lignin biosynthesis has not been

well studied in grasses; the structure and properties of

lignin and the precise interrelationships with other cell wall

components are not well understood (Buranov and Mazza

2008). Efforts are being made to understand lignin bio-

synthesis in grasses because of the growing interest in

bioethanol production from renewable biomass. Among

grasses, maize has received the most attention in genetic

and genomic studies related to cell wall lignification and

degradability (e.g. Barrierè et al. 2003), and a better

understanding of the pathways and genes involved in sor-

ghum will be accumulated because sorghum genome is

sequenced (Paterson et al. 2009).

There is a growing interest in enhancing plants for

conversion to biofuel, to replace petroleum-based fuels

while reducing greenhouse gases. Among the potential

plants such as maize, sugarcane and switchgrass, sorghum

has attractive characteristics such as high phenotypic and

genetic diversity (Assar et al. 2005; Mace et al. 2008) and

better tolerance of drought, waterlogging and saline-alkali

soil, for development as a model biomass crop (Sarath et al.

2008). Sorghum offers lignocellulosic biomass such as

stover, an abundant and inexpensive source of fermentable

sugars. Carpita and McCann (2008) reported that biomass

quality is influenced by cell wall composition and structure,

and can be determined by content and composition of

lignin, cellulose and hemicellulose and how they are cross-

linked, whereas biomass yield and stability will be determined

by agronomic traits such as plant height and diameter, lodging

and diseases and pest resistance.

Sugars obtained from cell wall polysaccharides such as

cellulose and hemicelluloses can be hydrolysed by hemi-

cellulose- or cellulose-degrading enzymes, a process

known as saccharification (Lin and Tanaka 2006). The

monosaccharides obtained are fed to microorganisms in

fermenters similar to the systems used for starch- or sug-

arcane-derived sugars. Vermerris et al. (2007) reported that

while energy stability of processing stover-to-ethanol has

been questioned, technical and economic analysis show

that the production of ethanol from lignocellulosics could

be beneficial. To make this technology economically

competitive, cost-effective and efficient means of trans-

portation and storage of biomass yield and processing

strategy must be developed. Besides, it is mandatory to

understand the physical and chemical properties, biosyn-

thesis and molecular genomics of plant cell walls and also

how to manipulate them in the candidate crop(s).

A successful combination of desired genes and exclu-

sion of deleterious genes have been achieved in many crops

through conventional and molecular plant breeding.

Improvements in biomass quality in sorghum are depen-

dent on genetic variability within the species, the herita-

bility of the trait(s), selection intensity and the ability of

plant breeders to understand the genetic architecture con-

trolling these traits. The objectives of this study were (1) to

identify chromosomal regions associated with fibre and

their related agronomic traits, (2) to identify epistatic and

pleiotropic QTL associated with these traits and (3) to

identify stable QTL across environments.

Materials and methods

Plant material

A mapping population consisting of 188 recombinant

inbred lines (RIL) derived from a cross between the inbred

lines SS79 (sweet sorghum) and M71 (grain sorghum

Macia-SA), bred by Dr Willy Wenzel at the Agricultural

Research Council of South Africa (ARC), was used for this

study. SS79 has lower levels of stem fibre components than

M71, such as neutral detergent fibre (NDF), acid detergent

fibre (ADF), acid detergent lignin (ADL), cellulose and

hemicelluloses but higher levels of stem sugars such as

sucrose, glucose and fructose. M71 is characterized by a

reduction in fibre yield traits such as plant height, stripped

stalk mass, dry stalk mass, fresh leaf mass, fresh biomass

and dry biomass compared to SS79. Each RIL was derived

from a single F2 plant following the single seed descent

(SSD) method until the F5:6 generation (W. Wenzel, pers.

communication).

Field layout and data collection

The RIL and the parental lines were sown on 04 May 2007

and 14 May 2008, respectively, at two locations in

Germany: Rauischholzhausen/Ebsdorfergrund (2 Mitscherlich

pot trials) and Gross Gerau (2 field plot trials). In each

environment, experiments were planted in a randomized

complete block design (RCBD) with three replications. At
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Gross Gerau (GG), a one-row plot of 5 m row length and a

three-row plot of 3 m row length were planted in 2007 and

2008, respectively. In both years, the inter-row space was

0.3 m and seeds were sown at 3 cm depth in 0.15 m

intervals. The plants were thinned to 10 plants per m2. In

the pot experiment at Rauischholzhausen (RH), two seeds

were sown per 20 cm pot at 2 cm depth. Previously, we

reported differences in the biophysical data among the four

abovementioned environments, such as average cumulative

temperature, cumulative rainfall, latitude, longitude, alti-

tude, soil type and soil pH (Shiringani et al. 2010).

Plants were harvested manually by cutting the stem at

the base with scissors. Because some lines were photope-

riod sensitive, and to harvest the plants at the same phys-

iological stage, plots were harvested 40 days after anthesis.

In GG, three plants were sampled at random from the

middle of each row for trait measurements and the average

from the three plants was used for evaluations. On the other

hand, in the pot trials at RH, both plants per container were

harvested and results averaged. The entire above-ground

plant material was weighed to estimate the fresh biomass.

The leaves and panicle of each of the plants were stripped

from the stalks. Total fresh leaf weight was recorded per

plant followed by weighing the stripped stalks. Panicles,

leaves and stripped stalk masses (SSM) were milled and

then dried in an oven at 105�C for 2–3 days. After drying,

the samples were weighed to estimate the dry stripped stalk

mass (DSM) and the dry biomass (DBM).

For fibre content analysis, the ground and dried stripped

stalks were further milled to pass a 0.5 mm (GG) or 1 mm

(RH) sieve, respectively. From the milled sample, 130

genotypes from GG and RH were selected based on

extreme differences among agronomical traits to calibrate

and validate near infrared reflectance spectroscopy (FOSS

NIRSystem model 6500-C, Silver spring, MD, USA) for

ADF, NDF and ADL. Initial quantifications were per-

formed according to van Soest et al. (1991) with minor

modifications. NDF estimates the sum of cellulose, hemi-

cellulose and lignin, ADF the sum of cellulose and lignin,

while ADL measures lignin only. Therefore, NDF minus

ADF yields the hemicellulose content, and ADF minus

ADL corresponds to cellulose content.

Subsequent estimates of fibre compounds in the sor-

ghum stalks were obtained via NIRS. Approximately 1.5 g

of the milled samples was scanned in the NIRSystem using

a 3.7 cm diameter sample holder over a wavelength of

400–2,500 nm with a 2 nm interval. A set of 130 selected

genotypes were split into two subsets: (1) a calibration set,

in which the experimental values were used to develop the

best NIRS calibration equations through WinISI II software

(Infrasoft international, LLC, PA, USA) and (2) a valida-

tion set, which was used to test the ability of the calibration

equations to predict the trait value. The best equation

should have low values for the standard deviation (SD), the

standard error of calibration (SEC), the standard error of

cross-validation (SECV) and the systematic difference

between the two sets, respectively, but a higher coefficient

of determination in the calibration (R2). After obtaining the

best equations, the samples of 188 genotypes from 4

environments were scanned to estimate fibre component

levels. Detailed information on parameters (SD, SEC,

SECV, R2, etc.) required to obtain the best equation for

each trait is provided in Supplementary Table S1.

Phenotypic data analysis

Descriptive statistics and analysis of variance were done

applying the statistical software SAS� 9.1. The Proc GLM

procedure was used to test differences among the RILs

across environments. Broad-sense heritability (H2) on a

RIL-mean basis was estimated for all traits, as suggested by

Littell et al. (2006) and Fehr (1987). Estimation of the

variance components used to calculate H2 was analysed by

restricted maximum likelihood method, where genotypes,

harvesting date, environment and genotype 9 environment

interactions were treated as random effects. Coefficients of

determination (R2) were obtained from the linear regres-

sion of individual yields in different environments on the

mean yields of all the genotypes in each environment

(Léon and Becker 1988).

Genotyping

DNA was extracted according to Doyle and Doyle (1990)

from the leaf tissue of greenhouse-grown seedlings of

parental lines and 188 RILs. Simple sequence repeat (SSR)

primer pairs (Bhattramakki et al. 2000; Dean et al. 1999;

Kong et al. 2000; Schloss et al. 2002) and EST-SSR

markers (Srinivas et al. 2008, 2009) from sorghum were

used to screen the parents of the mapping population. The

PCR protocol and thermocycler touchdown conditions

were adopted from Hasan et al. (2006) and Xu et al. (2005).

Most of the SSR primers were labelled with M13 tailing as

described by Berg and Olaisen (1994). The fluorescently

labelled universal M13 primer 50-AGGGTTTTCCCAGT

CACGACGTT-30 was added to the PCR reaction, and

the forward primer of each SSR was appended with the

sequence 50-TTTCCCAGTCACGACGTT-30. After the

first cycle of PCR, fragments were successively amplified

with the labelled primer (Hasan et al. 2008; Rygulla et al.

2007).

Amplified fragment length polymorphism (AFLP)

amplification was performed according to Vos et al.

(1995). During the amplification steps, the sequences of the

primers ?0 EcoR1, ?0 Mse1, ?1 EcoR1 and ?1 Mse1

were 50-GAC TGC GTA CCA ATT C-30, 50-GAT GAG
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TCC TGA GTA A-30, 50-GAC TGC GTA CCA ATT CA-30

and 50-GAT GAG TCC TGA GTA AC-30, respectively, as

reported by Uptmoor et al. (2003).

All SSR and AFLP amplification products were sepa-

rated and visualised using the LI-COR 4200 DNA Analyser

(MWG Biotech, Ebersberg, Germany).

Linkage map construction and QTL analysis

Linkage analysis was performed applying Joinmap� 4.0

software using 215 markers and 188 RILs. Individual

markers missing more than 25% of genotype data and those

that showed segregation distortion were eliminated from

the data set. Loci were assigned to linkage groups (LG)

with a minimum LOD score of 3.0 and a maximum Kos-

ambi distance of 40 centiMorgans (cM). The linkage map

was compared to the sorghum maps published by Bhat-

tramakki et al. (2000) and Mace et al. (2009) and assigned

to chromosomes according to the sorghum chromosome

nomenclature of Kim et al. (2005).

QTL analysis was carried out using composite interval

mapping (CIM) within the software PLABQTL version 1.2

(Utz and Melchinger 1994), which searches for QTL that

are evaluated subsequently in multiple regression models.

To generate empirical thresholds for LOD values, 1,000

permutations were performed for all traits. A LOD thresh-

old value of 3 was found to detect QTL at a standard gen-

ome-wide significance of 5% (ag = 0.05). All markers

suggested by default in the first stepwise regression were

used as cofactors. These markers were chosen based on per

cent of phenotypic variation explained and simple correla-

tion of the phenotypic observation with the selected marker.

At LOD 3, all putative QTL associated with the traits are

identified; from these putative QTL, those that show a

significant likelihood ratio that a QTL is present/absent

were identified based on the multiple regression of the final

simultaneous fit function of the software, herein reported as

‘detected QTL’. After a further regression analysis, some of

the detected QTL were declared significant based on the

phenotypic variance explained and QTL effect, herein

reported as ‘significant QTL’. Additive 9 additive QTL

(aa) in all traits were calculated according to MODEL AA

of the PLABQTL. The interactions were estimated from the

set of detected QTL in a stepwise regression based on the

f-to-enter value by using the Bonferroni bound at a = 0.05.

For QE analysis, the detected QTL undergo a simultaneous

fit for each environment and the results are presented in an

ANOVA. The difference between the fits of the data from

individual environments and the means across environ-

ments gives the mean squares of QE interactions. The sig-

nificance of QE interactions was tested using an F-test with

Bonferroni adjustment.

To identify putative candidate genes involved in lignin

and cellulose biosynthesis, we first identified the physical

position of the QTL confidence intervals (http://www.

phytozome.net/sorghum.php) by BLASTing the sequence

of the microsatellites that are closest to the QTL position

and by using the in-silico SSR map published by Li et al.

(2009). To ‘Free text’ search for major biochemical path-

way genes involved in lignin and cellulose biosynthesis,

key words were applied to identify the physical position

of these genes based on the updated sorghum annotation

(http://mips.helmholtz-muenchen.de/plant/sorghum).

Results

Phenotyping results

NIRS results (Supplementary S1; Table 1) showed that the

distribution of the reference values in the calibration and

validation sets covered a great variability, suggesting that

the sampled genotypes represented the overall genetic/

phenotypic diversity of this population. NIRS equations

Table 1 Mean values, standard

deviations and range for fibre

components and fibre-related

agronomic traits in recombinant

inbred lines across

environments

a Stripped sorghum stalks

Trait Parental lines Recombinant inbred lines (RILs)

SS79 M71 Mean Standard

deviation

Minimum Maximum

ADF (g/dry weight)a 29.72 36.11 33.67 2.37 28.27 40.65

ADL (g/dry weight)a 5.76 7.50 7.23 0.64 5.73 8.86

NDF (g/dry weight)a 46.58 57.99 52.01 3.19 44.93 60.81

Cellulose (g/dry weight)a 24.03 29.23 26.44 2.03 22.03 33.12

Hemicellulose (g/dry weight) 16.53 19.90 18.34 1.01 16.11 21.93

Fresh leaf mass (g/plant) 122.48 59.85 106.96 22.61 60.42 192.59

Stripped stalk mass (g/plant) 642.54 191.57 375.86 140.02 118.04 754.90

Dry stalk mass (g/plant) 73.65 35.28 53.90 21.48 7.44 123.26

Fresh biomass (g/plant) 1,102.74 472.72 570.76 130.1 277.46 944.09

Dry biomass (g/plant) 177.94 81.02 92.34 22.82 25.59 158.67
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showed better prediction information for NDF (r2 = 0.92)

and ADF (r2 = 0.88) than for ADL (r2 = 0.72). These r2

values are similar to what has been reported by Murray

et al. (2008) for stem NDF, ADF and ADL.

The average performance of parents and RILs across

locations is presented in Table 1. NIRS results showed that

the male parent M71 has higher stem fibre content such as

cellulose, hemicellulose, NDF, ADF and ADL contents than

the female parent SS79, which is characterized by a high

stem sugar content. Although cell wall components were not

quantified in these parents before, this was expected because

sweet sorghum genotypes have been selected in Limpopo,

the South African region where SS79 originates, to be easy-

to-peel by teeth. In terms of biomass components and/or total

biomass, SS79 weighed more than M71. The average per-

formance of the RILs fell within the range of the parents,

although transgressive segregation was also observed.

The mean squares, heritabilities and repeatabilities for the

trait data are shown in Table 2. Analysis of variance using

the general linear model showed that genotypes and envi-

ronments were highly significant (P \ 0.001) in all the traits

investigated except for dry stalk mass. There was a signifi-

cant interaction between genotype and environment

(P \ 0.001) in all traits except hemicellulose and dry stalk

mass. Although the harvest date was expected to be the most

important source of variation in most traits, it was significant

only for ADF, ADL and cellulose. The coefficient of varia-

tion ranged from 6.14 to 34.37%, with ADF showing the

lowest variation and fresh leaf mass the highest (Table 2).

High broad-sense heritability values were estimated for

ADF (H2 = 0.84), cellulose (H2 = 0.82), stripped stalk

mass (H2 = 0.79) and NDF (H2 = 0.70), while low values

were observed for dry stalk mass (H2 = 0.005), dry bio-

mass (H2 = 0.13) and hemicellulose (H2 = 0.24). Traits

with higher heritability also showed higher repeatability

(Table 2). Low heritability and repeatability can be the

result of sampling error coupled with environmental effects,

which might lessen success in enhancing these traits.

Linkage map construction and QTL analysis

The genetic map was constructed from M71 9 SS79 RILs

and consists of 157 AFLP, SSR and EST-SSR markers

(Fig. 1). A total of 59 markers were excluded because of

either high missing values or divergence from the expected

segregation ratio. The map covered 1,029 cM with an

average distance of 6.55 cM. The significant QTL detected

by CIM are shown in Fig. 1 and full information of the

detected additive QTL is presented in Supplementary Table

S2. Environments 01, 02, 03 and 04 throughout the chapter

represent the field experiments in GG 2007, GG 2008, RH

2007 and RH 2008, respectively. A supplementary file

(Supplementary info 1) showing the results of QTL

detected at each environment is also supplied. This file can

add a valuable input for the sorghum research community

in terms of QTL comparison. The QTL described in this

manuscript are those obtained by analysing the average

data of each trait because we aim at identifying robust QTL

that are less specific to environments.

A total of 72 additive QTL associated with fibre quality

traits were detected on 10 chromosomes using composite

interval mapping. Of those, 17 additive QTL were detected

Table 2 Mean squares, heritabilities, repeatabilities and coefficient of variation for fibre components and fibre-related agronomic traits in

recombinant inbred lines across environments

Trait Mean squares hB
2c R2

Genotype Environment G 9 Ea Harvest date CVb

ADF (g/dry weight)d *** *** *** *** 6.14 0.84 0.92

NDF (g/dry weight)d *** *** *** NS 10.64 0.70 0.76

ADL (g/dry weight)d *** *** *** *** 10.35 0.67 0.84

Cellulose (g/dry weight)d *** *** *** *** 6.89 0.82 0.91

Hemicellulose (g/dry weight) ** *** NS NS 27.32 0.24 0.24

Fresh leaf mass (g/plant) *** *** *** NS 34.37 0.51 0.61

Stripped stalk mass (g/plant) *** *** *** NS 33.84 0.79 0.90

Dry stalk mass (g/plant) NS NS NS NS – 0.005 0.004

Fresh biomass (g/plant) *** *** *** NS 33.49 0.34 0.52

Dry biomass (g/plant) *** *** *** NS 28.29 0.13 0.36

*** Significant at 0.001 probability level, NS non significant level at 0.05 probability level
a G genotype, E environment
b CV coefficient of variation
c Broad-sense heritability on an entry-mean basis
d Stripped sorghum stalks
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on all chromosomes associated with ADF. Eight of these

QTL, with LOD scores ranging from 3.14 to 7.99, signif-

icantly influenced the phenotype across environments.

A QTL with a LOD score of 7.99 on SBI-03 position

86 cM contributed most to the phenotypic variation

(17.8%), followed by a QTL with LOD score 6.91 on SBI-

06 position 58 cM, which contributed 15.6%. Higher

additive effects among the detected QTL were found on

SBI-06, left flanked by E35M49-205 (1.14 g/dry weight),

and SBI-07, left flanked by E31M59-202 (1.21 g/dry

weight). The positive sign of the additive effects indicates

that the positive alleles were contributed by the M71

parent.

A total of 14 additive QTL, distributed on all chromo-

somes, were detected associated with NDF. Seven signifi-

cant QTL influenced NDF in different environments. The

phenotypic variation explained by the detected QTL ranged

from 8.3 (LOD score 3.52 on SB1-06, left flanked by

Xtxp265) to 18.8% (LOD score 8.18 on SBI-07, left

flanked by E31M59-202). Three QTL detected on SBI-02,

SBI-06 and SBI-07 showed high additive effects of 1.21,

1.79 and 1.23 g/dry weight, respectively. These effects

showed the contribution of the M71 alleles in increasing

neutral detergent fibre. For ADL, five out of 15 detected

additive QTL were significant in influencing the phenotype

across the environments; significant QTL were detected on

SBI-04, SBI-06, SBI-07 and SBI-08. The phenotypic var-

iation explained by all detected QTL ranged from 7.1

(LOD score 3.1 on SBI-09 at 72 cM) to 18.9% (LOD score

4.28 on SBI-08 at 130 cM).

A total of 16 additive QTL controlling cellulose content

were detected distributed on all chromosomes. The largest

cluster was observed on SBI-06, where four QTL signifi-

cantly influenced the phenotype either in environments 01,

02 or 04. In total, 11 out of 16 QTL significantly influenced

the phenotype. The phenotypic variation explained by these

QTL ranged from 7.4 to 17.6%. A total of 67% of the

detected QTL showed a positive sign of the additive effects

value, emphasising the contribution of alleles from the

grain sorghum parent M71 in increasing cellulose quantity.

At a LOD of 3.0, eight QTL were detected associated

with hemicelluloses content. These QTL were distributed

across all chromosomes except chromosome 1 and 9. Five

of the 8 detected QTL significantly influenced the pheno-

type in different environments. The detected QTL

explained between 7.4 and 23.6% of the phenotypic vari-

ation, with the highest contribution from a QTL at 28 cM

on SBI-06 with LOD score 10.99 and an additive effect of

0.448 g/dry weight. Most of the QTL (7 of 9) showed a

positive additive effect value, emphasizing the contribution

of the M71 parent in increasing hemicelluloses content.

A total of 56 additive QTL controlling fibre-related traits

were found across all chromosomes. Of those, five QTL

associated with fresh leaf mass were detected on SBI-02,

SBI-03, SBI-04 and SBI-06. Three QTL significantly

influenced the phenotype in overall environments, partic-

ularly in environments 01, 02 and 03. The phenotypic

variation explained by these QTL was 47.8%. The sign of

additive effect values of all the detected QTL was negative,

suggesting that SS79 contributed most of the alleles for

increasing fresh leaf mass.

A total of 15 additive QTL, distributed on all chromo-

somes except SBI-08, were detected associated with

stripped stalk mass. Ten of these QTL showed significant

effects on the trait across environments. Clusters with three

QTL each were observed on SBI-01 and SBI-06, whereby

all QTL in the cluster on SBI-06 were significant. The

phenotypic variation explained by these QTL ranged from

7.9 to 17.4%. The additive effects of the detected QTL

showed that both parents contributed alleles for decreasing

or increasing stripped stalk weight.

Dry stalk mass was shown to be significantly influenced

by six out of 10 additive QTL detected on 5 chromosomes

in all environments. The phenotypic variation explained by

all of those QTL ranged from 7.0 to 16.7%. The highest

phenotypic variation was explained by a QTL at 14 cM on

SBI-06 with a LOD score of 7.46, followed by a QTL at

82 cM on SBI-07 (LOD 5.72). Two out of 10 QTL showed

positive additive effects, indicating that most of the alleles

were contributed by SS79, the parent with high stalk mass.

For fresh biomass, 10 additive QTL were detected where

7 significantly influenced the trait across all environments.

These significant QTL were distributed on six chromo-

somes, whereby two were found on chromosome SBI-01.

The phenotypic variation explained by these QTL ranged

from 7.8 to 24.7%. Additive effects of the detected QTL

ranged from -0.04 to -52.56 g/plant favouring SS79, the

high biomass parent, and 2.84 to 57.50 g/plants favouring

M71, the low biomass parent.

A total of 16 QTL associated with dry biomass were

detected on 8 chromosomes. Clusters with 4 QTL each

were found on chromosomes SBI-01 and with 3 QTL were

found on SBI-02; five of the 16 QTL were found significant

Fig. 1 Genetic linkage map of the M71 9 SS79 RIL population

consisting of 102 AFLP, 49 SSR and 6 EST-SSR markers. Markers

prefixed with E are AFLPs, X and Sb are SSR markers, while Stg and

Dsb are EST-SSRs. QTL were detected by composite interval

mapping (CIM). All QTL shown exhibited significant effects in

different environments and also using the combined environments (4)

for each trait. ADF acid detergent fibre, NDF neutral detergent fibre,

ADL acid detergent lignin, CEL cellulose, HC hemicelluloses, FBM
fresh biomass, DBM dry biomass, DSM dry biomass, FLM Fresh leaf

mass, SSM stripped stalk mass. The top and bottom borders of the

QTL boxes represent the approximate support intervals of the

detected QTL associated with the respective trait on the right side

of the box. The peak of each QTL is shown by the position of the

arrow inside the box, and the direction indicates the allele contribu-

tion by parent SS79 (pointing left) or by parent M71 (pointing right)

b
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in combined environments or environment 01. The phe-

notypic variation explained by these QTL ranged from 7.5

to 12.5% and the additive effects showed that the two

parents each contributed alleles with both positive and

negative effects on dry biomass.

QE interaction and epistasis

QE interaction is an important component of quantitative

traits. QTL detected in one environment but not in another

might indicate QE interactions (Veldboom and Lee 1996).

A total of 25 QTL showing significant QE interactions

were detected across all traits except for hemicellulose,

NDF and dry biomass (Supplementary Table S2). Dry

biomass was quantified in only 2 environments, which may

explain why no QE interaction was detected. A total of 7

QTL showing significant QE interactions were detected for

stripped stalk mass, 4 each for dry stalk mass and fresh

biomass, 3 were for fresh leaf weight, 3 for cellulose and 2

for ADF and ADL. QTL with significant QE interaction

also showed pleiotropic effects. For example, the QTL at

14 cM on SBI-06 exhibited significant QE interaction for

almost all traits.

Epistasis is important for studying complex traits, and

genetic models for QTL mapping that assume lack of

epistasis can lead to a biased estimation of QTL parameters

(Cao et al. 2001). A total of 17 significant digenic, addi-

tive 9 additive interactions were detected for the studied

cell wall components and related agronomic traits

(Table 3). Most of the additive 9 additive interactions

detected involved SBI-01, showing the importance of this

chromosome in digenic interactions. A total of 4 digenic

epistatic QTL were detected associated with hemicellulose

and fresh biomass, respectively, 3 with dry stalk mass, 2

each with stripped stalk mass and cellulose and one each

with ADL and NDF. No significant additive 9 additive

interactions were detected for ADF, dry biomass or fresh

leaf mass. According to Cao et al. (2001), the epistatic

pairwise QTL detected for a particular trait depend on the

developmental stage of the plants. The authors concluded

that interaction between QTL and background or modify-

ing loci might be the prevalent form of epistasis affecting

the behaviour of quantitative traits.

The parts of total phenotypic variation explained by

interactions were as follows: for ADL, 3.3% explained by

one digenic interaction; for NDF, 6.7% explained by one

digenic interaction; for stripped stalk mass, 10.6%

explained by two digenic interactions; for cellulose, 12.4%

explained by two digenic interactions; for dry stalk mass,

14% explained by three digenic interactions; for

Table 3 Digenic epistasis associated with fibre-related traits

Trait Chrom Left marker Chrom Left marker Add. effect Mean R2%

ADF (g/dry weight)a None

NDF (g/dry weight)a SBI-01 E43M53-500 SBI-03 E31M61-367 -0.77 51.96 6.7

ADL (g/dry weight)a SBI-02 E32M47-495 SBI-07 E31M59-202 -0.12 7.26 3.3

Cellulose (g/dry weight)a SBI-01 E35M49-260 SBI-05 E44M60-375 0.50 26.59 7.4

SBI-01 Xtxp279 SBI-06 Dsb37 -0.42 5.0

Hemicelluloses (g/dry weight)a SBI-02 Stgnhsbm36 SBI-05 E31M59-210 -0.27 18.46 7.6

SBI-4b E44M49-348 SBI-05 E31M59-210 -0.23 5.4

SBI-4b E44M49-348 SBI-06 E43M55-160 -0.33 11.3

SBI-07 E31M59-202 SBI-08 E39M49-215 0.24 6.0

Fresh leaf mass (g/plant) None

Stripped stalk mass (g/plant) SBI-01 E35M49-260 SBI-09 E43M59-152 31.28 362.29 5.1

SBI-01 Xtxp279 SBI-06 Xtxp17 41.15 5.5

Dry stalk mass (g/plant) SBI-01 E43M53-175 SBI-08 Xtxp292 -4.36 51.12 3.4

SBI-02 Xtxp56 SBI-07 E31M59-202 -4.52 3.8

SBI-4b E44M49-348 SBI-06 E43M55-160 5.38 6.8

Fresh biomass (g/plant) SBI-01 E43M53-175 SBI-09 E31M59-123 29.14 559.48 4.3

SBI-01 E35M49-260 SBI-02 Xtxp50 -36.24 4.3

SBI-01 E35M49-260 SBI-09 E32M47-415 29.72 4.4

SBI-01 Xtxp248 SBI-10 E43M55-415 -26.96 3.7

Dry biomass (g/plant) None

ADF Acidic detergent fibre, NDF Neutral detergent fibre, ADL Acidic detergent lignin, Chrom Chromosome, R2% phenotypic variation

explained in percentage, Add. effect additive effect
a Stripped sorghum stalks
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hemicellulose, 30.3% explained by 4 digenic interactions;

and for fresh biomass, 16.7% were explained by 4 digenic

pairs. Thus, the total phenotypic variation explained by the

interactions was lower than that caused by the corre-

sponding main effects. The importance of addi-

tive 9 additive interaction effects among total genetic

effects is therefore expected to be trait-dependent.

Co-localization and pleiotropic effects

A number of QTL clusters with effects on multiple traits

were detected on different chromosomes (Supplementary

Table S2, and Fig. 1). The largest clusters were observed

on SBI-03 (83 cM), SBI-06 (14 cM) and SBI-07 (77 cM).

The QTL on SBI-06 influenced all of the traits except

hemicellulose and fresh leaf mass, explaining 8.4 to 17.4%

of the phenotypic variation with lowest effect on cellulose

and highest on stripped stalk mass. The QTL on SBI-07

influenced all traits except dry biomass, stripped stalk mass

and fresh leaf mass and explained 9.0 to 18.9% of the

phenotypic variation for the various traits.

In the two clusters observed on SBI-06 and SBI-07, the

additive effect sign for cell wall components (cellulose,

hemicelluloses, ADL, ADF, NDF) was opposite to that of

agronomic yield (fresh and dry biomass, stripped stalk

mass and dry stalk mass). This indicates that parents con-

tributed in opposition to increasing fibre content and

agronomic mass. These chromosomal regions also con-

tributed to ADL content, which is not necessarily desired

by the breeder because lignin prohibits saccharification of

cellulose and hemicelluloses. However, distinguishing

between pleiotropy and linkage is difficult and would

require validation by conducting a large number of crosses

that may or may not produce recombinants.

Discussion

The increasing demand for food and rising concerns about

climate change and energy security pushes Sorghum

bicolor to the top of global agendas. The main attraction is

its ability to provide renewable energy products, industrial

commodities, as well as food and animal feed. Carpita and

McCann (2008) reported that sorghum, like maize, has the

potential to provide abundant and sustainable resources of

lignocellulosic biomass for the production of ethanol as

biofuel. Furthermore, it can also serve as a genetic model

for the improvement of C4 bioenergy grasses. Both maize

and sorghum are annual grasses and thus give farmers

flexibility for crop production. Maize has a historical depth

of genetic knowledge, and the genomes of both sorghum

and maize have recently been sequenced (Paterson et al.

2009; Schnable et al. 2009).

In this study, we quantified and detected QTL that are

linked with cell wall content and biomass yield traits. Until

now, there is limited literature in this field. To our

knowledge, only Murray et al. (2008) conducted a similar

study using 176 inbred lines derived from a cross between

grain and sweet sorghum. As in our work, Murray et al.

(2008) reported QTL associated with cellulose content and

hemicelluloses on SBI-03, SBI-07 and SBI-08, QTL

associated with ADL on SBI-03, SBI-06, SBI-07 and SBI-

08, and QTL associated with NDF on SBI-03 and SBI-07.

Both studies identified two QTL on SBI-08 for cellulose,

ADL and NDF; however, in the present study, different

additive effects of the QTL were observed in some cases.

In comparison to other crop plants, maize has received

particular attention regarding fibre content research. Before

biofuel gained attractiveness, maize cell wall components

were studied because of digestibility in ruminants (Moore

and Hatfield 1994; Cardinal et al. 2003). Comparative

genomics studies indicated that sorghum is closely related

to maize, having diverged from each other approx.

11.9 Mya (Swigonova et al. 2004; Moore et al. 1995).

Krakowsky et al. (2005) studied a population of 191 maize

RILs for ADL, ADF and NDF content in stem tissues. They

reported 16 QTL associated with NDF, 18 QTL with ADF

and 10 QTL with ADL. Using the comparative map pub-

lished by Mace et al. (2009), we could identify where some

of these loci map to the sorghum genome. In maize, the loci

umc58 and umc34 were shown to be responsible for

increases in NDF, NDF and ADF and explained 7%

(umc58/NDF), 23% (umc34/NDF) and 20% (umc34/ADF)

of the phenotypic variation, respectively (Krakowsky et al.

2005). These two markers map on sorghum chromosome

SBI-06 (Mace et al. 2009). We have identified significant

QTL on chromosome SBI-06 explaining 12.8 and 10.1% of

the phenotypic variation for increases in ADF and NDF,

respectively. The loci umc4 and phi12, mapping on maize

chromosome 2, are associated with an increase in NDF,

ADF and ADL, explaining 13, 10 and 16% of the pheno-

typic variation in maize, respectively. The two markers,

umc5 and umc4, flanking these QTL were mapped on sor-

ghum chromosome SBI-02; thus, we can hypothesise that

this region in maize is synthenic to that on SBI-02 of sor-

ghum. We have identified QTL on SBI-02 at position

72–88 cM that are associated with increased ADF, NDF

and ADL, explaining 11.8, 16.5 and 7.2% of the phenotypic

variation, respectively. Although genome reorganisations

such as gene amplification, movement rearrangements or

retrotransposition (Feuillet and Keller 2002; Song et al.

2002) may frequently happen, such particular regions could

have been conserved during evolution.

Murray et al. (2008) also found co-localization of QTL

associated with fibre-related traits. However, unlike in our

study, their QTL were distributed across only nine
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chromosomes and no QTL were detected on chromosome

SBI-02. In our study, using an additive 9 additive model

resulted in detection of more QTL with high additive

effects. Additive effects are particularly important for

breeding because they can be directly exploited in selection

for the respective trait(s). In maize, Cardinal et al. (2003)

reported clustering and overlapping of QTL for cell wall

components such as lignin, NDF and ADF in the stalk, and

Barrierè et al. (2008) reported co-localization of QTL

associated with lignin content, lignin monomer composi-

tion and cell digestibility. In our study, co-localization and

overlapping of QTL were also observed. This suggests that

genes controlling cell wall components may either be

linked in the sorghum genome or act in a pleiotropic

manner.

Flowering date and plant height are important charac-

teristics in crop production and breeding (Lin et al. 1995).

These traits correlate with various physiological and

quality traits in different species because different sets of

alleles or loci are being expressed under different growing

conditions. In previous work (Shiringani et al. 2010), we

reported a weak but positive correlation between plant

height and flowering date in this population (r = 0.183,

P \ 0.01), both of which were positively correlated with

sugar components (Brix, glucose content, sucrose content

and total sugar content). In the present study, we found that

plant height and flowering date are negatively related with

fibre components (data not shown). Thus, early flowering

and short plants are important selection characteristics for

fibre components particularly in this population where the

female parent SS79 has lower fibre content, higher sugar

content and is taller than the male parent M71.

QTL for plant height and flowering date co-localized

with those of sugar and fibre components across the gen-

ome (Lin et al. 1995; Pereira and Lee 1995; Murray et al.

2008). For the same sorghum population, we previously

reported five QTL associated with flowering date on

SBI-03, SBI-04, SBI-06, SBI-06, SBI-07 and SBI-08

(Shiringani et al. 2010). The QTL on SBI-03 were asso-

ciated with reduced time to flowering, while the QTL on

SBI-07 were associated with retarded flowering as well as

with a decrease of glucose and sucrose content. Thus, some

of the genotypes in the population may carry a combination

of alleles from both parents for these two QTL. Such

genomic loci that showed multiple effects between

plant height, sugar and fibre components were detected on

SBI-02, SBI-06 and SBI-07.

When considering the markers flanking the QTL, some

loci were specific to the traits in this population (Supple-

mentary Table S2; Shiringani et al. 2010) and thus should

be investigated further for specific trait selection and

improvement of sorghum. For example, marker Xtxp285 on

SBI-03 was associated only with early flowering date,

E44M48-225 on SBI-01 was associated solely with high

ADF content, Xtxp212 on SBI-04b was only associated

with an increase in plant height, Xtxp265 on SBI-06 was

only associated with high NDF content, E35M49-212 on

SBI-06 was associated with decreased cellulose, respec-

tively, and Xtxp336 on SBI-03 was associated with high

ADL content only. On the other hand, although these are

considered promising markers, they should be used with

caution for selection purposes because of overlaps in the

QTL confidence intervals with other traits.

The role of epistasis in crop improvement is captivating

because it is evident that gene interaction may have a strong

effect on complex traits. Although epistasis is difficult to

estimate, understanding the amount and type of epistasis

present can enhance the reliability of predictions and the

design of plant breeding programmes (Lamkey and Lee

1993). Using suitable software such as PLABQTL, it is

possible to detect QTL with additive and epistatic effects

along with QE interactions. In our study, epistasis was

detected in seven out of the 10 traits studied. However, the

inability to detect epistasis cannot be taken as evidence for

the total absence of epistasis, because of possible swapping

or even cancelling of epistatic effects of different loci,

genotype 9 environmental interactions, sample size and

estimates using the analysis of variance approach (Lamkey

and Lee 1993). The genetic basis of heterosis has been

attributed to overdominance at a single locus, or dominance

complementation, along with multilocus epistasis (Garcia

et al. 2008; Li et al. 2001). The results of additive 9 additive

interactions in our study showed the contribution of both

parents, while the additive effect per trait was not consistent,

but rather differed among pairs. However, it is desired to fix

additive 9 additive effects that increase lignocellulosic

biomass for marker-assisted selection.

The reference genome of Sorghum BTx623 has been

sequenced and annotated (Paterson et al. 2009). This

sequence information is a great asset for genetic analysis

and molecular breeding approaches such as identification

of candidate genes or regulatory elements in QTL hot spot

regions of the genome. There have been several successful

reports on using reference genome sequence to identify

functional candidate genes associated with carbohydrate

traits after QTL were identified using biparental QTL

mapping, association mapping and QTL expression (Prioul

et al. 1999; Wilson et al. 2004; Thomas et al. 2010). We

have found a possible candidate gene on SBI-02 at the

interval 72–88 cM, encoding the catalytic subunits of the

cellulose synthase-like (CSL) protein (OsCS1F3), which is

particularly involved in hemicellulose biosynthesis. The

CSL proteins have amino acid sequences similar to those of

cellulose synthase (CESA) enzymes that are involved in

cellulose biosynthesis. QTL for cellulose and hemicellu-

loses overlapped on SBI-02, SBI-03 and SBI-06, and these
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regions seem to harbour corresponding genes encoding the

CESA/CSL enzymes. During cellulose biosynthesis, at least

three CESA/CSL proteins are involved in the same cell and

developmental stage. The gene(s) encoding the enzyme

UDP-glucosyltransferase are also located within the clusters

on SBI-02, SBI-03 and SBI-06. This UDP-glucosytransfer-

ase in cellulose biosynthesis is reported to be specific to

the Golgi apparatus (http://www.gramene.org/Sorghum_

bicolor), where the hexametric complexes (rosettes) that

consist of six functional units of glucans are assembled.

Various candidate genes associated with lignin biosyn-

thesis are possibly located in the regions of these sorghum

QTL. We identified a gene associated with cinnamate-4-

hydroxylase (C4H), a key enzyme in lignin biosynthesis

that catalyses the conversion of cinnamate into 4-hy-

droxycinnamate, on SBI-03 (position 90–96 cM) and SBI-

04b (position 30–38 cM). Down-regulation of this gene

resulted in a decrease of lignin content in alfafa (Reddy

et al. 2005). A gene associated with 4-coumarate-CoA

ligase2 (4CL), an enzyme that catalyses the conversion of

hydroxycinnamic acids to hydroxycinnamyl-CoA thioes-

ters, was found on SBI-04b (position 30–38 cM). Hu et al.

(1999) reported that down-regulation of the gene encoding

4CL in aspen decreased lignin but increased cellulose

content. The gene controlling the enzyme similar to caf-

feoyl-CoA O-methyltransferase (CCOMT) that is involved

in the methylation of monolignol caffeoyl-CoA OMTs was

found on SBI-07. Blaschke et al. (2004) reported that

down-regulating the CCOMT gene increased the stem

biomass in tobacco without a change of lignin content,

while Guo et al. (2001) reported a decrease of lignin in

alfalfa. These results suggest that in the clusters on SBI-02,

SBI-03 and SBI-06, unlike a common gene that regulates

these traits, a set of tightly linked genes controlling fibre

content may be grouped in some or all of these

chromosomes.

When searching for the regions that involve digenic

epistasis, we found cellulose synthase-like A4 on SBI-01

and cellulose synthase-like H1 on SBI-06. The interval of

the locus E32M47-495 on SBI-02 detected during digenic

epistasis coincides with the location of genes controlling

ferulate-5-hydroxylase and 4-coumarate-CoA ligase.

Saballos et al. (2009) reported that five out of 14 genes

enconding cinnamyl alcohol dehydrogenase (CAD) in

sorghum are found in this region. The CAD enzyme

catalyses the reduction of cinnamyl aldehyde precursors,

the last step in monolignol biosynthesis. The down-regu-

lation of the gene encoding CAD resulted in a decrease of

lignin content but did not affect plant development in

tobacco (Chabannes et al. 2001). As we detected this

region based on the additive 9 additive model, it validates

that valuable gene loci likely to be missed by QTL analysis

might be detected by digenic epistasis.

The main goal of plant breeders regarding bioenergy is

to develop cultivars with high biomass yield as well as

cellulose and hemicellulose content, which will be stable

across years and locations. However, the plants interact

with their environment from germination to maturity, and

since this interaction differs from one genotype to another

the genotype 9 environment interaction complicates

selection and breeding. The identification of QTL that are

not environment-specific, or with only minor QE effects,

should be particularly useful for marker-assisted selection.

In our study, it was observed that some QTL are stable

across environments and others are more or less influenced

by environment. QE interaction was more frequently

observed for agronomic traits than cell wall components

and for QTL that showed high pleiotropic effects.

The ultimate goal in this study was to identify QTL

associated with fibre-related traits as a first step towards

enhancing sorghum as a bioenergy source. Pronounced

phenotypic variation was observed among the genotypes,

and significant QTL were detected among traits. Many

QTL associated with these traits co-localized and clustered,

especially on chromosomes SBI-02, SBI-03, SBI-06 and

SBI-07 with the allele derived from the particular parent

showing the respective high phenotype. The combination

of favourable alleles for high fibre quality with high bio-

mass in single RILs represents interesting new sorghum

breeding material for the production of biomass and bio-

energy. Epistastic, additive 9 additive interactions were

found to play a major role in the genetic basis of fibre-

related traits. The identified QTL regions provide an

opportunity for the application of marker-assisted selection

to enhance lignocellulosic biomass in sorghum. Now that

we found that the cluster regions identified contain pro-

spective candidate genes, it will be consequent to study

these regions in more detail.
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