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Abstract Several QTLs for cell wall degradability and
lignin content were previously detected in the
F288 x F271 maize RIL progeny, including a set of major
QTLs located in bin 6.06. Unexpectedly, allelic sequencing
of genes located around the bin 6.06 QTL positions
revealed a monomorphous region, suggesting that these
QTLs were likely “ghost” QTLs. Refining the positions of
all QTLs detected in this population was thus considered,
based on a linkage map densification in most important
QTL regions, and in several large still unmarked regions.
Re-analysis of data with an improved genetic map (173
markers instead of 108) showed that ghost QTLs located in
bin 6.06 were then fractionated over two QTL positions
located upstream and downstream of the monomorphic
region. The area located upstream of bin 6.06 position
carried the major QTLs, which explained from 37 to 59 %
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of the phenotypic variation for per se values and extended
on only 6 cM, corresponding to a physical distance of
2.2 Mbp. Among the 92 genes present in the corresponding
area of the B73 maize reference genome, nine could
putatively be considered as involved in the formation of the
secondary cell wall [bDHLH, FKBP, laccase, fasciclin, zinc
finger C2H2-type and C3HC4-type (two genes), NF-YB,
and WRKY]. In addition, based on the currently improved
genetic map, eight QTLs were detected in bin 4.09, while
only one QTL was highlighted in the initial investigation.
Moreover, significant epistatic interaction effects were
shown for all traits between these QTLs located in bin 4.09
and the major QTLs located in bin 6.05. Three genes
related to secondary cell wall assembly (ZmMYB42, COV1-
like, PAL-like) underlay QTL support intervals in this
newly identified bin 4.09 region. The current investiga-
tions, even if they were based only on one RIL progeny,
illustrated the interest of a targeted marker mapping on a
genetic map to improve QTL position.

Introduction

Since nearly 50 years, researches have been conducted to
improve the digestibility (or degradability) of the ligno-
cellulosic cell walls of forage crops to increase their energy
value in ruminants’ feeding. The currently decreasing
reserves of fossil fuels facing the constant needs of people
and industry for energy have more recently stimulated a
crucial interest in finding alternative and renewable energy
resources. Lignocellulose feedstock could significantly
contribute to a sustainable supply of fuels (and also
chemicals), including the bioconversion of plant cell walls
into bioethanol or biogas. The corresponding industrial
processes generally begin by physical and/or chemical pre-

@ Springer


http://dx.doi.org/10.1007/s00122-013-2043-7

1152

Theor Appl Genet (2013) 126:1151-1165

treatment(s) to break down the recalcitrant structures of the
lignified cell wall material. If technological improvements
of pretreatments are essential to enhance enzymatic
hydrolysis of cell walls, breeding plants with increased
susceptibility of their cell walls to enzymatic hydrolysis is
also an effective strategy. Both technological and genetic
improvements represent complementary ways towards
commercializing profitable and environmentally friendly
lignocellulosic bioethanol. Most forage plants are grasses,
either C4 photosynthesis plants such as maize and other
Panicoideae, or C3 plants such as ryegrass or fescue. For
cellulose-based bioethanol or methane production, in
addition to cropping plants of the Panicoideae family
(maize, sorghum, switchgrass, etc.), straw of grain cereals
is also a significant resource which does compete with
human or animal nutrition. Despite the importance of
plants of the grass family first for cattle feeding, and now
for bioenergy production, most studies related to genetics,
genomics, and biochemistry of cell walls and lignins have
been performed on dicotyledonous species, including the
Arabidopsis model system. This latter situation results
from the use since a long time of cellulose from trees in the
paper pulping industry, and more recently because woody
biomass and byproducts are a large resource for lignocel-
lulosic bioenergy.

The grass cell wall is a specific composite material
including phenolic compounds, cellulose microfibrils, and
an amorphous matrix consisting predominantly of glucur-
ono-arabinoxylans. Phenolic compounds are composed of
lignins and cell wall linked p-hydroxycinnamates, p-cou-
maric (pCA), and ferulic (FA) acid derivatives. Grass lig-
nins include guaiacyl (G) units derived from coniferyl
alcohol, syringyl (S) units derived from sinapyl alcohol,
together with p-hydroxyphenyl units (H) derived from
p-coumaryl alcohol. The low, but appreciable amount of H
units, nearly five times higher than in dicotyledonous
plants, significantly impacts the properties of grass cell
walls as these units increase the frequency of resistant
inter-unit bonds. The participation of p-hydroxycinnamates
in the lignified cell wall is specific to grass species, and this
gives its original structure and properties. In the grass cell
wall, a large proportion of S units are acylated by pCA, and
extensive cross-linkages occur between feruloylated ara-
binoxylans and G units of lignins, as well as between
arabinoxylan chains after ferulate dimerization in mature
cell walls (Ralph et al. 1992, 1995; Jacquet et al. 1995;
Grabber et al. 2004; Ralph 2010). Lignins are essential for
structural integrity of tissues and they impart hydropho-
bicity to vascular elements. Their association with other
matrix components, together with the occurrence of link-
ages with and between cell wall carbohydrates, signifi-
cantly impedes tissue properties towards higher stiffness
and lower polysaccharide degradability, with negative
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effects on silage energy value and also on bioethanol or
biogas production.

In addition, large ranges of genetic variation for cell
wall degradability were shown in maize, opening ways for
an efficient breeding for silage and/or for biofuel produc-
tion (Dhillon et al. 1990; Lundvall et al. 1994; Barriére
et al. 2004a; Andersen et al. 2007; Riboulet et al. 2008;
Barriére et al. 2009). Cell wall degradability is the result of
the combined effects of the cell wall composition in phe-
nolic compounds as well as of the structural organization of
lignified tissues. Therefore, the identification of genes
involved in secondary wall formation and assembly
deserves priority interest for maize biomass quality
improvement. In addition, plant breeders have to choose
cell wall trait combinations for minimizing negative effects
on genotype agronomic value, including whole plant yield,
standability, biotic, and abiotic stress tolerance.

The characterizations of maize mutants and/or of
genetically engineered plants have highlighted a few genes
capable of affecting maize cell wall degradability. It is the
case of genes involved in monolignol biosynthesis (CAD,
COMT, CCR; Vignols et al. 1995; Halpin et al. 1998; He
et al. 2003; Barricre et al. 2004b; Pichon et al. 2006;
Tamasloukht et al. 2011) as well as transcription factors of
the MYB family regulating lignin biosynthesis (ZmMYB31,
ZmMYB42; Fornalé et al. 2006, 2010; Sonbol et al. 2009).
However, the involvement of these genes in the natural
variation in degradability between maize lines has not yet
been established. In addition, the observed cell wall de-
gradability improvements in these mutants often occurred
together with negative effects on plant agronomic value.
Efficient breeding of maize with higher cell wall degra-
dability for silage use or second-generation bioethanol
production therefore demands the identification of the
major determinants driving traits under selection. The
search for candidate genes underlying QTLs for cell wall
degradability and related traits is thus a relevant strategy
for further key-gene discovery and consequently efficient
marker-assisted selection. QTLs for cell wall-related traits
have been mostly detected in maize (reviewed in Barriere
et al. 2007, 2009 and references therein; Barriére et al.
2010, 2012) and to a lesser extent in woody species such as
pine (Sewell et al. 2002; Markussen et al. 2003; Pot et al.
2006), poplar (Yin et al. 2010), and Eucalyptus (Freeman
et al. 2009; Thumma et al. 2010; Gion et al. 2011). How-
ever, no gene has yet been identified as being responsible
for the effect of any cell wall QTL, even if co-localizations
between candidate genes and QTLs were found in maize,
Arabidopsis, poplar, and Eucalyptus (Barriere et al. 2010;
Ranjan et al. 2010; Thomas et al. 2010; Gion et al. 2011;
Chavigneau et al. 2012). This is mainly due to our limited
understanding of the major genetic determinants of cell
wall biosynthesis and assembly, even if exhaustive lists of
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candidate genes involved either in the biosynthesis of
phenolic compounds or in the formation and assembly of
secondary walls as well as in the regulation of these pro-
cesses have been proposed (Barriére et al. 2009; Chavig-
neau et al. 2012). The frequent large size of the QTL
support intervals, with an average length of 20 cM corre-
sponding to 15-50 Mbp according to genomic location and
recombination rate, is the second reason which renders the
identification and validation of candidate genes difficult.

In the F288 x F271 early maize RIL progeny, several
QTLs were previously mapped, of which those located in
bin 6.06 explained a highly significant part of the pheno-
typic variation for both lignin content and cell wall
degradability, with R* values ranging from 20 to 40 %
(Roussel et al. 2002; Thomas et al. 2010). However, the
support intervals of these QTLs represented more than
20 cM, which corresponded to nearly 12 Mbp and more
than 800 genes in the B73 reference genome. Allelic var-
iation of putative candidate genes in bin 6.06 was inves-
tigated as a preliminary step towards the identification of
the possible involvement of these genes in the effect of the
detected QTLs. Simultaneously, linkage map densification
was performed to (1) reduce the size of QTL support
intervals, (2) to investigate whether the large effect QTLs
corresponded to a single major QTLs or to closely linked
QTLs with lower effects, and then to (3) identify putative
candidate genes taking advantage of the maize B73
genomic sequence (Schnable et al. 2009, http://www.
maizesequence.org, release v2 5b60) and information on
gene physical positions. New markers were therefore tar-
geted within the QTL support intervals, together with a
marker densification on the whole F288 x F271 genetic
map.

Materials and methods
RIL production and RIL experiments

The set of 131 RILs was developed by single seed descent
from the cross between the two early dent inbred lines
F288 and F271 at INRA Lusignan, France (Barriére et al.
2001). F271 and F288 have low and medium-high cell wall
degradability, respectively. F271 and F288 lines have both
a Col25 common ancestry [F271 = (Col25 x W103),
F288 = (F244 x F252) with F244 = (F186 x F188) and
F252 = (F186 x Col125)]. As reported in Roussel et al.
(2002), RIL progenies were evaluated in field experiments
for their per se values in seven environments (two locations
over 3 years, and 1 year with an extra location), and for
topcross experiments with F286 as flint tester of high cell
wall degradability line in six environments (three locations
over 2 years). Topcross and RILs per se were evaluated in

generalized alpha-lattice designs with, in each location,
three replicates for the tested RILs and nine replicates for
the parents. Each experimental plot was a 5.2 m long single
row of 37 plants. Row spacing was 0.75 m, and the
resulting density was 95,000 plants/ha. Irrigation was
applied in Lusignan during summer to prevent water stress.
At the silage harvest stage [about 30-35 % of whole plant
dry matter (DM)], the plots were machine-harvested with a
forage chopper. A representative sample of 1 kg chopped
material per plot was collected for further analyses.

A highly significant genetic variation was shown for two
lignin content and two cell wall digestibility traits, which
all had high broad sense heritability values (Roussel et al.
2002). Lignin content was first estimated as ADL/NDF.
According to Goering and van Soest (1970) neutral deter-
gent fiber (NDF) is an estimate of cell wall content, and
acid detergent lignin (ADL) is an estimate of lignin con-
tent. Lignin content was also estimated as Klason lignin
(KL) according to Dence and Lin (1992). KL includes an
acido-soluble part of lignin which is lost during the first
step of the ADL procedure (Hatfield et al. 1994; Jung et al.
1997; Hatfield and Fukushima 2005). Given that grain is
much more digestible than cell walls, and because starch
content must be limited in ruminant diets to avoid acidosis
risks, cell wall digestibility traits free of starch content
were considered. In vitro NDF digestibility (IVNDFD) is
thus an estimate of cell wall digestibility, based on the
enzymatic solubility of Aufrére and Michalet-Doreau
(1983), which is computed according to Struik (1983) and
Dolstra and Medema (1990), assuming that the non-NDF
part is fully digestible. In vitro digestibility of the non-
starch, non-soluble carbohydrates, non-crude protein part
(DINAGZ) is another estimate of cell wall digestibility,
similarly based on the same enzymatic solubility, which is
computed according to Argillier et al. (1995) and Barriére
et al. (2003), assuming that starch, crude proteins, and
soluble carbohydrates are fully digestible. The corre-
sponding individual RIL per se and topcross mean values
over locations obtained by Roussel et al. (2002) for ADL/
NDF, KL/NDF, IVNDFD, and DINAGZ were used as
phenotypic values in the present QTL investigation.

Allele sequencing

Genomic DNA was isolated from young maize leaves
of F271 and F288 lines using the DNeasy Plant mini
kit (Qiagen). Primer pairs were designed on the B73
genomic sequence (Schnable et al. 2009, http://www.
maizesequence.org, release v2 5b60) to generate an
amplicon of nearly 1,000 base pair, using primer 3 software
(http://www.frodo.wi.mit.edu/primer3/ and Supplementary
table 1). PCR amplification reactions were performed in
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25 pl containing 1x buffer, 4 % DMSO, 200 uM of each
dNTP, 0.2 uM of each 5" oligo and 3’ oligo, and 0.5 U of
Platinum Taq Polymerase (Invitrogen, 10966); 30 ng of
genomic DNA was used as template. The PCR cycling pro-
gram consisted of an initial denaturation of 2 min at 94 °C,
followed by 40 cycles for 30 s at 94 °C, 30 s at 60 °C, and
1 min at 72 °C, and a final extension for 5 min at 72 °C.
Sequencing was performed for each of the PCR fragments in
both directions by the Millegen Company (31670 Labege,
France). All the sequences were aligned with the B73
sequence using the CLUSTALX?2 software.

Genotypic data and development of a new linkage map

The linkage map of the F288 x F271 RIL progeny was
originally drawn based on 108 SSR markers and 131 RILs
(Barriére et al. 2001). New markers were added with a
targeted strategy not only to increase the marker density in
the most important QTL regions, especially in bin 6.06, but
also to set markers in several large still unmarked regions.
New considered markers were first 113 SSR markers
available in the MaizeGDB database (http://www.
maizegdb.org) with unambiguous physical positions. In
addition, 128 new markers were designed specifically in
genes chosen for physical positions and preferentially
considering genes involved in cell wall biosynthesis,
according to the list proposed by Barricre et al. (2009). Primer
pairs were designed based on the B73 genomic sequence
(Schnable et al. 2009, http://www.maizesequence.org) using
primer 3 software (sequences available upon request).
Genotyping was also reinvestigated for six SSR markers
present on the original map, but with missing data or dis-
crepancies between genetic and physical positions. Finally,
three SSR markers available from investigations performed
in 2001 (Barricre et al. 2001), but not yet included in the
published genetic map, were added to the renewed map.
Gene and marker polymorphisms were analyzed with
high-resolution melting (HRM) technology using the
LightCycler 480 system (Roche Applied system). Genomic
DNA was isolated from young maize leaves of the two
parental F271 and F288 lines and of each RIL cropped at
INRA, Lusignan (France), except for a few RILs for which
DNA was directly isolated from grain after observation of
their null or poor germination (adapted protocol from
Dellaporta and Hicks 1983). Heterozygous DNA was
produced by extracting DNA from fresh F288 and F271
mixture plant material. HRM polymorphisms were first
revealed on the DNA from parental lines and this hetero-
zygote DNA. If convenient results were obtained, markers
were genotyped on the whole RIL progeny using the two
F288 and F271 lines, and the constructed heterozygote as
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melting standard. PCR amplification reactions were per-
formed in 10 pl containing 1x buffer, 200 uM of each
dNTP, 0.2 uM of each primer, 4 % DMSO, 3 mM MgCl2,
0.15 unit of Platinum Taq DNA Polymerase (Invitrogen,
10966), and 0.25 x ResoLight (Roche Diagnostics,
0490964000). Approximately 20 ng of genomic DNA was
used as template. The PCR cycling program consisted of
5 min at 94 °C, followed by 50 cycles for 30 s at 94 °C,
1 min at 60 °C, and 1 min at 72 °C. The HRM reaction
was performed for 1 min at 95 °C, cooling to 40 °C for
1 min, raising the temperature to 65 °C, and then to 95 °C
with 25 fluorescent acquisitions per Celsius degree at this
step. The following data analysis was performed with the
gene scanning software module on the LightCycler® 480
instrument. The linkage map was developed using Car-
thaGene (version 1.2.2, De Givry et al. 2005).

QTLs identification and candidate genes

QTL detection was then performed following the method
of composite interval mapping (CIM, Zeng 1994) imple-
mented in the PLABQTL software (Utz and Melchinger
1996) as previously performed by Roussel et al. (2002).
PLABQTL uses the regression method (Haley and Knott
1992) in combination with markers which are selected by
stepwise regression as cofactors. LOD support intervals are
constructed in PLABQTL according to Lander and Bot-
stein (1989) and are considered to be underestimated in the
case of CIM. The percentage of phenotypic variance
ascribed to an individual QTL was estimated with the
approximate standard error of Kendall and Stuart (1961).
The additive effects of QTL were estimated as half the
difference between the phenotypic values of the respective
homozygotes. Based on the permutation-test method of
Churchill and Doerge (1994), LOD thresholds equal to,
respectively, 3.0, 3.5, and 4.6 allowed an experiment-wise
error rates equal to 10, 5, and 1 %. QTLs were finally
considered for LOD thresholds higher or equal to 3.0, to
highlight most of them. In addition, QTLs with lower LOD
values were also considered when they were shown in
colocalizing positions. Detection of epistatic interactions
has been performed with R software using the scan two
procedure of the QTL library as described by Broman and
Sen (2009). Physical QTL positions were estimated based
on physical positions of the two flanking markers (B73 line
sequence, release v2 5b60), assuming a linear relationship
between recombination and physical distances within this
interval. The lists of genes underlying QTLs were estab-
lished according to the filtered gene set genes presented in
the same reference genome (Maize Sequence database,
Schnable et al. 2009).


http://www.maizegdb.org
http://www.maizegdb.org
http://www.maizesequence.org

Theor Appl Genet (2013) 126:1151-1165

1155

Results
Allele sequencing reveals ghost QTLs in bin 6.06

Allele sequencing was first carried out for genes putatively
involved in cell wall biosynthesis within the bin 6.06 region
where lignin content and cell wall degradability QTLs with
high R? values were located (Roussel etal. 2002; Thomas et al.
2010), (i.e. from 149.4 to 164.5 Mbp; Table 1). Genomic
sequence of three candidate genes considered of priority
interest were full-length sequenced (nearly 500 bp before
ATG and after stop codons), including the cinnamate-3-
hydroxylase C3H2 (GRMZM2G140817) involved in mono-
lignol biosynthesis, the MYB Hv5-like (GRMZM2G077789)
which is a R2R3 MYB repressor orthologous to barley HvS
MYB genes (Wissenbach et al. 1993) and to EgMYBI (Legay
et al. 2007, 2010; Grima-Pettenati et al. 2012), and the con-
tinuous vascular ring COVI-like (GRMZM2G101533),
ortholog of an Arabidopsis gene involved in lignified tissue
patterning (Parker et al. 2003). Twenty-one other candidate
genes were only partially sequenced (over 1,000 bp length).
No allelic polymorphism between the two parental lines F271
and F288 was found for the two fully sequenced C3H2 and
COVI-like genes (position 155.7 and 159.8 Mbp, respec-
tively). In addition, all other ten investigated genes located
between the zinc finger C3HC4 (GRMZM2G 157246, position
155.2 Mbp) and the OsIAAI8-like (GRMZM2G074427,
position 160.2 Mbp), including these two genes, were also
monomorphic between the two parental lines. In contrast, the
ten investigated genes located upstream the zinc finger
C3HC4, including the MYB Hv5-like, were polymorphic
between F271 and F288. Similarly, downstream of the
OsIAA 18-like gene, the MYB AtMYB26-like (GRMZM?2
G175232, position 162.1 Mbp) was polymorphic. However,
the sequence of the downstream NAC SND2/SND3-like
(GRMZM?2G031200, position 164.5 Mbp) gene was identical
between both parental lines. As a tentative conclusion, no
polymorphism was revealed in a 5 Mbp long region (12
investigated genes within this region), corresponding to nearly
50 % of the QTL support interval and overlapping all QTLs
estimated positions (based on the data of Roussel et al. 2002).
This region was therefore considered as monomorphic
between the two parental lines, and consequently, detected
QTLs at this locus were considered as putative “ghost” QTLs.
Map densification, and generating a new linkage map, in this
major QTL region, as well as in areas with low marker density,
was therefore an obligatory step to precise QTL positions.

Revisiting of the polymorphism between F288
and F271 and generating a new linkage map

We tested 247 new markers of which 114 (46 %) were
polymorphic between the two parental lines, 94 (38.0 %)

were monomorphic, and 39 (16 %) failed during the HRM
assay. Finally, 75 new polymorphic markers were analyzed
on the whole RIL progeny, including the six re-investigated
markers. The still unused three SSR markers genotyped in
2001 were added to the map, whereas seven markers,
which failed to be relevantly added to linkage groups
during the map construction, were removed. The new map
(Fig. 1) was significantly densified with 173 markers as
compared to the original map established in 2001 which
only contained 108 SSR markers.

The new map, which spans a cumulative distance of
2,153 cM, shows an average distance between markers of
13.2 cM while it was 22.3 cM long on the 2001 map.
Distances between markers were, however, unevenly dis-
tributed, with the smallest distances equal to 0.4 cM, while
the largest ones were greater than or equal to 60 cM.
Differences between chromosomes and between areas
resulted both from the focus given on some areas, and also
from the absence of polymorphic marker on other areas.
Two large gaps, more than 60 cM long, were still present
on chromosome 7, which likely correspond to large
monomorphic areas. A similar situation was shown on
chromosome 10 for which the first marker of the 2001 map
(bnlg2190) was located in physical position 141.8 Mbp.
The current investigations allowed to map mmc0501 at the
upstream part of chromosome 10, in position 5.9 Mbp.
Between the two markers mmc0501 and bnlg2190, only four
markers out of the 34 tested were found to be polymorphic,
one in position 8.8 Mbp and three surrounding the position
125 Mbp. These results strengthened a large monomorphic
area of nearly 110 Mbp long on chromosome 10.

QTL detection

Overall, based on the new linkage map, 43 QTLs were
detected for lignin content (ADL/NDF, KL/NDF) and cell
wall degradability (DINAGZ, IVNDFD) traits in the
F288 x F271 progeny for both per se and topcross
experiments (Table 2), while only 32 were found in 2001.
QTLs were distributed on nine chromosomes (since no
QTL was detected on chromosome 10) and 17 genomic
positions. Co-localizations between QTLs were observed
on most positions, and only five QTLs were found in iso-
lated positions, on chromosomes 4 (2 QTLs), 5, 7, and 8. A
similar number of QTLs were mapped using data from per
se (20 QTLs) and topcross (23 QTLs) experiments. Five
QTLs were detected for ADL/NDF in per se experiments
and six in topcross experiments. Four and six KL/NDF
QTLs were detected for per se and topcross values,
respectively. Eight QTLs for DINAGZ were observed for
per se values and four for topcross values. Finally, three
and seven IVNDFD QTLs were detected for per se and
topcross values, respectively. Marker densification of the
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Table 1 Polymorphism of putative lignin-related candidate genes underlying bin 6.06 QTLs

Markers, genes and QTLs Gene name Bin Phys F288/F271
pos SNP InDel

bnlg1702 (120.2 cM) 6.05 147.1 - -
NAC domain-containing protein GRMZM2G465835 6.05 149.4 0 1
Continuous vascular ring like (LCV2-like) GRMZM2G073415 6.05 150.3 5 0
F288 x F271 QTL upper limit (150.0 cM) 6.05 150.4 - -
MYB Hv5-like EgMYB1-like R2R3-type® GRMZM2G077789 6.05 150.7 8 4
Zinc finger C3HC4 transcription factor GRMZM2G066225 6.05 150.8 10 3
bHLH transcription factor GRMZM2G061906 6.05 151.1 21 2
ZmLac6 AtLacl7 ortholog GRMZM2G146152 6.05 151.5 na na
Zinc finger C2H2 transcription factor AC206217.2_FGTO006 6.05 151.8 3 12
Zinc finger C3HC4 transcription factor GRMZM2G075782 6.05 152.8 na na
Zinc finger C3HC4 transcription factor GRMZM2G035601 6.05 152.9 1 0
WRKY transcription factor OsWRKY70-like GRMZM2G169966 6.05 153.3 24 9
bnlg345 (177.2 cM) 6.05 153.5 - -
Zinc finger Ring H2 transcription factor GRMZM2G390436 6.06 154.2 8 6
MYB transcription factor SHAQKYF class GRMZM2G701218 6.06 155.2 19 6
Zinc finger C3HC4 transcription factor GRMZM2G157246 6.06 155.2 0 0
MYB transcription factor SHAQKYF class GRMZM2G117854 6.06 155.5 0 0
Cytochrome P450 CYP98A1 (C3H2)* GRMZM2G140817 6.06 155.7 0 0
CCAAT-HAPS transcription factor GRMZM2G440949 6.06 155.7 na na
Zinc finger C2H2 transcription factor GRMZM2G159741 6.06 156.0 0 0
bZIP transcription factor GRMZM2G175870 6.06 156.0 0 0
F288 x F271 QTL position (181.7 cM) 6.06 156.1 - -
Zinc finger CCCH transcription factor AC226373.2_FGTO010 6.06 156.4 0 0
Ras small GTPase ROP6-like GRMZM2G176217 6.06 158.4 na na
Auxin response factor 4 (ARF) GRMZM2G441325 6.06 158.7 0 0
ZRP4-like OMT GRMZM2G140996 6.06 158.7 0 0
ZRP4-like OMT GRMZM2G141026 6.06 158.7 0 0
ZRP4-like OMT GRMZM2G102863 6.06 158.8 na na
ZRP4-like OMT GRMZM2G124799 6.06 158.8 na na
Continuous vascular ring (COV1-like)* GRMZM2G101533 6.06 159.8 0 0
WRKY transcription factor OsWRKY58-like GRMZM2G401521 6.06 159.8 0 0
Auxin-responsive Aux/IAA OsIAA18-like GRMZM2G074427 6.06 160.2 0 0
ZmMYB AtMYB26-like GRMZM2G175232 6.07 162.1 7 8
F288 x F271 QTL lower limit (198.0 cM) 6.07 162.6 - -
WD40 repeat-like GRMZM2G038032 6.07 162.9 na na
NAC SND2/SND3-like GRMZM2G031200 6.07 164.5 0 0
phi089 (213.4 cM) 6.07 166.3 - -

Markers and genes with polymorphism are shown in bold, and those without detected polymorphism are shown in italics

na unavailable data

* Full length gene sequencing

genetic map allowed us to pinpoint several QTL positions
and to reduce the support intervals of QTLs.

Only 8 QTLs out of 43 explained less than 10 % of the
observed genetic variation (LOD < 3.00), while 4 QTLs
explained more than 30 % of the observed variation. These
major QTLs co-localized in bin 6.05, a little upstream of
the revealed monomorphic region. Moreover, QTLs for all
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investigated traits in both per se and topcross experiments
were observed in this region, except for the KL/NDF trait
in topcross experiments. QTLs located in bin 6.05
explained from 37 to 59 % of the observed variation for
lignin content and cell wall degradability in per se exper-
iments, whereas the topcross QTLs explained only 8-12 %
of the observed variation. These QTLs are all located in
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Fig. 1 New linkage map of the F288 x F271 RIL progeny with 173
makers (Black markers correspond to markers mapped on the
previous map with 108 markers (Barriére et al. 2001), red markers
to markers newly genotyped in 2011, light blue markers to markers
genotyped in 2001 but not included in the previously published map,
green markers to re-genotyped marker (2001 data replaced by 2011

support intervals from 126 to 130 cM (bin 6.05), except the
per se value KL/NDF QTL found slightly downstream,
between 128 and 132 cM. Downstream of this region and
of the monomorphic area, topcross QTLs were also shown
for all traits in position 148 cM (bin 6.07), except for KL/
NDF QTL detected in position 142 cM. The latter position
was still unexpected as it corresponded to the so-called
monomorphic area. Downstream QTLs explained from 9 to
16 % of the genetic variation. Finally, the seven “ghost”
QTLs shown in 2001 in bin 6.06 likely corresponded to
QTLs located in two positions, one upstream for both per se
and topcross values (bin 6.05, position 151.8 Mbp), and one
downstream for topcross values (bin 6.07, position
162.1 Mbp), even if one was still located in the monomorphic
area (Fig. 2). Based on the 2001 map, bin 6.06 QTLs
expanded over a 48 cM long support interval corresponding
to 12.2 Mbp (150.4-162.6 Mbp). Based on the current map,
QTLs only span over a 6 cM long interval corresponding to
2.2 Mbp (151.1-153.3 Mbp) for the upstream position, and
only over 4 cM corresponding to a little more than 1.2 Mbp
(151.1-152.3) if the little downstream KL/NDF QTL was not
considered. For the downstream QTL position, QTLs span
over a 10 cM long interval corresponding to 3.7 Mbp
(159.2-162.9 Mbp, when excluding the KL/NDF topcross
QTL still located in the monomorphic area).
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data). Centromere (cent) positions were estimated based on physical
positions in B73. Names on the right of the chromosome correspond
to SSR names or gene names (abbreviated from GRMZM2G identifier
followed by gene annotation). Numbers on the left of the chromosome
indicate marker positions in cM from the fop of the chromosome)

In addition, eight QTLs were detected on chromosome 4,
in bin 4.09, following the map densification (13 new markers)
and reassessment in this region (Fig. 3). Only one QTL,
explaining 9 % of the DINAGZ variation, was found in 2001.
These newly detected QTLs were distributed in three suc-
cessive non-overlapping regions. QTLs with the highest R
values (ranging between 15 and 26 %) after those observed in
bin 6.05 were co-localized in one of these regions. This
region extended over 10 cM, corresponding to 17 Mbp
(216.4-233.3 Mbp). Furthermore, significant epistatic inter-
actions were detected between QTLs in bin 6.05 (average
position 129 ¢cM) and QTLs in bin 4.09 (166 cM) for all traits
in per se and in topcross experiments. These epistatic inter-
actions revealed that, in addition to the main effects of both
major QTLs located on chromosomes 6 and 4, the effects of
the QTLs on chromosome 6 were more pronounced when
alleles from F271 were present at QTL positions on chro-
mosome 4 (Fig. 4, illustrating epistatic interactions for ADL/
NDF and IVNDEFD traits in per se experiments).

Candidate genes underlying bins 6.05, 6.07,
and 4.09 QTLs

Ninety-two genes were present under the 2.2 Mbp support
interval of QTLs located in bin 6.05. This gene number was
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Table 2 QTL analysis for cell wall investigated traits in the F288 x F271 RIL progeny, based on the 173 marker map and on Roussel et al.
(2002) phenotypic data

QTL Chrom Bin Pos Left_Mark Supp.IlV LOD R2 Add Line +
KL/NDF tc 1 1.01 26 g025NAC 14-38 3.24 10.8 -0.117 F271
KL/NDF ps 1 1.01 32 g025NAC 2442 5.74 18.3 —0.385 F271
DINAGZ ps 1 1.01 36 g025NAC 24-52 3.40 11.3 0.509 F288
IVNDEFD tc 1 1.08 242 bnlg1025 230-254 3.28 10.9 —0.292 F271
KL/NDF tc 1 1.09 250 bnlg1331 230-260 3.00 10.1 0.114 F288
IVNDEFD ps 2 2.08 194 bnlg1940 178-198 2.12 72 0.579 F288
KL/NDF tc 2 2.08 196 bnlg1940 190-202 4.54 14.8 —0.126 F271
ADL/NDF ps 2 2.08 198 umc1230 192-204 5.36 17.2 —0.166 F271
DINAGZ ps 2 2.09 200 umc1230 196-206 3.59 11.9 0.443 F288
ADL/NDF tc 2 2.09 202 umc1230 198-206 5.59 17.8 —0.071 F271
IVNDEFD tc 2 2.09 202 umc1230 198-206 5.88 18.7 0.360 F288
DINAGZ tc 3 3.05 124 g017MYB 116-128 2.33 79 0.189 F288
DINAGZ ps 3 3.05 124 ¢017MYB 116-128 2.82 9.4 0.493 F288
ADL/NDF tc 3 3.05 134 bnlgl117 126-146 3.57 11.8 —0.060 F271
DINAGZ ps 3 3.06 142 umc2265 136-152 2.29 7.7 0.512 F288
IVNDEFD tc 3 3.06 152 bnlg1449 144-160 4.03 13.2 0.309 F288
ADL/NDF tc 4 4.09 158 g123NAC 156-160 2.83 9.5 —0.049 F271
IVNDEFD tc 4 4.09 158 g123NAC 156-160 4.16 13.6 0.296 F288
IVNDFD ps 4 4.09 168 g112xth 166-172 5.27 16.9 0.878 F288
KL/NDF ps 4 4.09 168 gl12xth 166-172 5.79 18.4 —0.309 F271
ADL/NDF ps 4 4.09 168 gl12xth 166-172 6.25 19.7 —0.180 F271
KL/NDF tc 4 4.09 168 g112xth 166-170 8.51 259 —0.169 F271
DINAGZ ps 4 4.09 174 g153PAL 170-176 4.62 15.0 0.528 F288
DINAGZ ps 4 4.09 198 umc2046 192-204 3.74 12.5 0.543 F288
ADL/NDF ps 5 5.08 210 umc1225 188-216 3.90 13.8 0.163 F288
DINAGZ ps 6 6.01 20 bnlg426 16-26 5.46 17.5 0.547 F288
ADL/NDF ps 6 6.01 22 bnlg1867 16-26 2.00 6.8 —0.099 F271
ADL/NDF tc 6 6.05 128 gl46lac 126-130 2.38 8.0 —0.055 F271
IVNDED tc 6 6.05 128 gl46lac 126-130 2.99 10.0 0.318 F288
DINAGZ tc 6 6.05 128 gl46lac 126-130 3.60 11.9 0.289 F288
ADL/NDF ps 6 6.05 128 gl46lac 126-130 13.46 37.7 —0.308 F271
DINAGZ ps 6 6.05 128 gl46lac 126-130 18.10 47.1 1.321 F288
IVNDEFD ps 6 6.05 128 gl46lac 126-130 25.04 58.5 2.533 F288
KL/NDF ps 6 6.05 130 g160unk 128-132 13.16 37.0 —0.576 F271
KL/NDF tc 6 6.06 142 g701MYB 136-146 5.08 16.3 —0.140 F271
DINAGZ tc 6 6.07 148 gl75MYB 144-154 2.51 8.5 0.216 F288
ADL/NDF tc 6 6.07 148 gl75MYB 144-152 4.05 13.3 —0.068 F271
IVNDEFD tc 6 6.07 148 g175MYB 144-152 4.31 14.1 0.354 F288
ADL/NDF tc 7 7.03 190 bnlg1805 176-204 3.03 10.1 —0.063 F271
DINAGZ tc 8 8.04 66 phiO14 56-70 5.08 16.4 0.289 F288
KL/NDF ps 9 9.03 86 umc2337 78-94 4.48 14.6 0.296 F288
IVNDEFD tc 9 9.03 86 umc2337 80-94 5.47 17.5 —0.390 F271
KL/NDF tc 9 9.03 94 umc2337 86-112 5.04 16.2 0.141 F288

IVNDEFD, in vitro neutral detergent fiber digestibility; DINAGZ, in vitro cell wall digestibility according to Argillier et al. (1995); ADL/NDF,
acid detergent lignin/neutral detergent fiber; KL/NDF, Klason lignin/NDF; in per se (ps) and topcross (tc) experiments. Positions given as cM
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Fig. 2 Improvement of cell
wall related QTL positions in
the bin 6.06 of the 131 RIL
F288 x F271 progeny.
Comparison of QTL detection
based on 2001 linkage map
(left chromosome) and 2012
current linkage map (right
chromosome) [Abbreviations
and legends as in Table 2 and
Fig. 1. Numbers on the left of
the chromosome indicate
genetic position in cM from the
top of the chromosome.
Percentages under or above
QTL bars correspond to

R? values]

Fig. 3 Improvement of cell
wall related QTL positions in
bin 4.09 of the F288 x F271
RIL progeny. Comparison of
QTL detection based on 2001
linkage map (left chromosome)
and on current 2012 linkage
map (right chromosome)
[Abbreviations and legends as
in Table 2 and Fig. 1. Numbers
on the left of the chromosome
indicate genetic position in cM
from the fop of the
chromosome. Percentages under
or above QTL bars correspond
to R? values]
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Fig. 4 Epistatic interactions between QTLs located in bins 6.06 and
4.09 for ADL/NDF and IVNDEFD traits

lowered to 50 genes if the little downstream KL/NDF QTL
was not considered. Nearly 800 genes were present in the
region highlighted in 2001. According to the MapMan BIN
classification (Thimm et al. 2004), 39 % of the 92 currently
considered genes have an unknown function. Among genes
with functional annotations, only nine were known to
belong to families with members (putatively) related to the
secondary cell wall assembly (bHLH, FKBP, laccase,
fasciclin, one zinc finger C2H2 and two zinc finger C3HC4,
NF-YB, and WRKY). The bHLH (GRMZM2G061906),
located in position 151.3 Mbp, is an ortholog of the
AtbHLHI105 (At5g54680) transcription factor ILR3 (Pires
and Dolan 2010). While the role of ILR3 in secondary wall
assembly is not established, other bHLH proteins were
shown to be involved in the regulation of the phenyl
propanoid metabolism (Heim et al. 2003; Ramsay and
Glover 2005). The FK506-binding proteins (FKBPs) gene
(GRMZM2G035922), located in position 151.5 Mbp, is an
ortholog of AtFKBP20-1 (At3g55520), a gene belonging to
the large family of peptidyl-prolyl cis—trans isomerases.
These genes are known to be involved in growth and
development (Harrar et al. 2001), based on observations in
several mutants such as pasticcinol (pasl) and twisted
dwarf (twd). Moreover, the FKBPs gene was less expressed
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in four RILs of the F288 x F271 progeny, with both the
favorable allele and high cell wall degradability, compared
to the parental line F271 with low degradability (Courtial
et al. 2012). However, its possible role in constitutive
lignified tissue assembly is not yet established. The laccase
gene (GRMZM2G146152), located at 151.5 Mbp, is one
ortholog of AtLacl7 (At5g60020), which is involved in
monolignol polymerization in Arabidopsis stems (Berthet
et al. 2011). Moreover, AtLacl7 co-localized with a QTL
of lignin content in a RIL progeny of Arabidopsis (Cha-
vigneau et al. 2012). The fasciclin gene (AC213621.
5_FG004), located in position 151.6 Mbp, is orthologous to
the SOS5 (Salt Overly Sensitive5) Arabidopsis gene, of
which mutants have thinner cell walls. This gene encodes a
putative cell-surface adhesion protein which is required for
normal cell expansion (Shi et al. 2003). Three zinc finger
genes, including one zinc finger of the C2H2-type
(AC206217.2_FGO006), located in position 151.8 Mbp,
and two zinc finger of the C3HC4-type (GRMZM2
G075782 and GRMZM2G035601), in positions 152.8 and
152.9 Mbp, co-localized with QTLs located in bin 6.05.
Zinc finger genes belong to one of the largest families of
transcription factor regulatory proteins, which are involved
in numerous regulations during plant development. The
zinc finger C2H2 family was the most frequently repre-
sented in Eucalyptus secondary xylem libraries (Rengel
et al. 2009). Zinc finger C3HC4 genes were the most dif-
ferentially expressed transcription factors in a comparison
between tension wood, with lower lignin content, and
normal Populus wood (Andersson-Gunneras et al. 2006).
Moreover, plants over-expressing C3HC4 gene have
also increased cellulose and reduced lignin contents in
Eucalyptus (Arruda and Gerhardt 2010). Nuclear factor
Y subunit B, (GRMZM5G804893), located in position
152.2 Mbp, is an ortholog of NF-YBS8, a gene expressed in
vascular tissue of Arabidopsis (Siefers et al. 2009), with a
still unclear role. Finally, the WRKY gene (GRMZM2G1
69966), located in position 153.3 Mbp, belongs to a large
family of transcription factors involved in development or
in response to environmental signals, and especially to
biotic and abiotic stress response. Its Arabidopsis ortholog
AtWRKY33 is thus involved in defense reactions (Zheng
et al. 2006).

Two genes out of the 172 genes co-localizing with the
3.7 Mbp support interval of the downstream topcross
QTLs (bin 6.07) were directly related to secondary cell
wall biosynthesis and assembly. The COVI-like gene
(GRMZM2G101533), in position 159.8 Mbp, is an
ortholog of an Arabidopsis gene involved in lignified
tissue patterning (Parker et al. 2003). However, this
gene did not show any polymorphism between the two
parental lines F288 and F271, and was located at the
basal part of the monomorphic area. The role of the MYB
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gene (GRMZM2G175232), just flanking the QTL posi-
tion (162.1 Mbp), is not yet known. However, the
encoded protein has homology with the FEucalyptus
EgrMYB137 expressed in xylem tissues (Soler, com
pers). It also has homology with AtMYB26, of which loss
of function induced a defect in the secondary wall
thickening of Arabidopsis endothecium resulting in
anther indehiscence (Yang et al. 2007). These homolo-
gies could corroborate a role of this ZmMYB in sec-
ondary wall formation.

In addition, 513 genes were shown underlying support
intervals of QTLs located in a 17 Mbp region of bin 4.09, which
are epistatic to QTLs located in bin 6.05. Among these genes,
three are directly related to secondary cell wall biosynthesis
and assembly. The ZmMYB42 gene (GRMZM2G419239) is a
transcriptional repressor of the maize lignin pathway genes
(Fornal€ et al. 2006; Sonbol et al. 2009; Gray et al. 2012). The
COVI-like (GRMZM?2G123790) gene is an ortholog of the
COV1 Arabidopsis gene, involved in the regulation of vascular
patterning in the stem (Parker et al. 2003). The PAL-like
(GRMZM2G153871) gene is paralogous to the members of
the PAL family, which are involved in the first step of mono-
lignol biosynthesis. In addition, a single base pair INDEL in the
ZmPAL gene (GRMZM?2G074604) has been associated with
the in vitro degradability of organic matter of plants (Andersen
et al. 2007).

Discussion

A new linkage map to revisit line polymorphism
and highlight monomorphic areas

Nearly half (50.2 %) of the 494 successfully tested markers
were shown to be polymorphic, which is a little more than the
average of usual polymorphism rates in maize (Yan et al.
2010). However, several areas remained with large distance
between polymorphic markers on the improved
F288 x F271 map, corresponding to the areas for which all
tested markers did not show any polymorphism. These
regions were then supposed to be monomorphic between the
two parental lines, likely as a consequence of the common
Col125 ancestry in the two F288 and F271 lines. In addition, it
was suspected that breeding efforts for grain yield in F288
and F271 have also favored Co125 alleles, and consequently
induced larger monomorphic genomic areas in their progeny
than expected from their lineage (Roussel et al. 2002).

Ghost QTLs in bin 6.06 correspond likely to two
distinct QTLs positions

The fact that QTLs estimated positions detected in 2001 in
bin 6.06 were located in a monomorphic region could

result from wrong QTLs positions as a consequence of
insufficient markers coverage and/or RIL number in the
progeny (57 cM between bnlgl1702 and bnlg345, 36.2 ctM
between bnlg345 and phi089, and only 131 RILs). It could
also be the consequence of the joint influence of two
dependent QTL positions for the investigated traits (Mar-
tinez and Curnow 1992; Studer and Doebley 2011). The
addition of 17 new markers between bnlg1702 and phi089
allowed distinguishing two distinct chromosomal regions
involved in cell wall degradability and lignin content, one
in bin 6.05 for per se and topcross values, just upstream of
the supposed monomorphic area, and another for topcross
values only in bin 6.07, downstream of the supposed
monomorphic area. Corroborating the two slightly different
QTL positions, one QTL affecting fiber and lignin contents
in stalk was detected near the 155 Mbp position in the
B73 x De811 F3 progeny (Krakowsky et al. 2003), while
two QTL positions were detected later near the 150 and
165 Mbp positions in the B73 x De811 RIL progeny
(Krakowsky et al. 2005). Finally, ghost QTLs detected in
2001 for topcross value were thus split into two QTL
positions separated by 20 cM, and situated on both sides of
the previous position, confirming the joint influence of two
linked QTLs. These two QTLs had quite similar R? values,
of which the sum was close to 2001 R values. The per se
QTL position observed in 2001 should probably be the
consequence of the low marker density of the original map
in this region. In addition, several candidate genes and/or
polymorphisms could be jointly responsible for the vari-
able phenotypes observed at each QTL positions.

Other contributions of the densified map
for the detection of QTLs and limits

Marker densification of the genetic map allowed to pin-
point QTL positions and to reduce support intervals of
QTL, as was shown by Darvasi et al. (1993). Furthermore,
new QTLs were shown in bin 4.09, a region where the two
initial markers (bnlg2244 and dupssr28) were removed and
replaced by 14 new or re-genotyped markers. This result
highlighted the impact of marker spacing on QTL detec-
tion. The improved map allowed also reducing QTL sup-
port intervals, and consequently the number of candidate
genes underlying these QTLs. However, the interval sup-
port lengths, equal to 6 and 10 cM for QTLs located in bins
6.05 and 4.09 (major and epistatic QTLs), respectively,
have likely now reached their minimum sizes with seven
and six markers underlying them, pointing out the limits
imposed by the population size (Darvasi et al. 1993).

In addition, QTL effects were still high in these two
regions. However, the estimates of phenotypic variances
associated with correctly identified QTL were shown to be
overestimated when the number of progenies was low
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(Beavis 1998; Xu 2003). The high R? values observed in
this experiment should thus be considered in light of the so-
called Beavis effect. Nevertheless, large R? values could
also be the consequence of multiple closely linked QTLs
present under the interval support (Studer and Doebley
2011).

Conclusion

The objective of this study was to identify the candidate
genes underlying the major QTLs for cell wall degrada-
bility and lignin contents previously detected in bin 6.06 in
the F288 x F271 RIL progeny (Roussel et al. 2002). These
QTLs expanded over a 48 cM long support interval cor-
responding to 12.2 Mbp, and more than 800 genes in the
B73 reference genome. As a first step towards gene iden-
tification, allelic variation was investigated for putative
candidate genes involved in cell wall biosynthesis and
assembly. This targeted sequencing highlighted a mono-
morphic region between the two parental lines, including
the QTL estimated positions and consequently suggested
that detected QTLs were likely “ghost” QTLs. Targeted
map densification, using HRM, was thus performed to
pinpoint QTL positions and to reduce their support interval
lengths. Markers were mapped in the most important QTLs
regions, especially within or at the close vicinity of the
major bin 6.06 QTLs support intervals, and in several large
still unmarked regions. Finally, only few areas remained
with large distance between markers, as a consequence of
the absence of polymorphism in these regions, likely due to
parental line consanguinity.

In the F288 x F271 progeny, 43 QTLs were detected
for lignin (ADL/NDF, KL/NDF) and cell wall degrada-
bility (DINAGZ, IVNDFD) traits from both per se and
topcross experiments with the improved map, while only
32 were highlighted with the map drawn in 2001. This
increase in the QTL number could be explained by the fact
that several large effect QTLs were fractionated in two
QTLs (bin 6.06) and that new regions involved in degra-
dability were revealed (bin 4.09). The putative ghost QTL
positions in bin 6.06 indeed corresponded to two regions,
with cell wall trait QTLs detected at the two positions, one
located upstream (bin 6.05) and one downstream (bin 6.07)
of the monomorphic area. Major per se QTLs in this
progeny co-localized now in bin 6.05 with support intervals
only extending on 6 cM corresponding to 2.2 Mbp. This
decrease of QTL support interval lengths came along with
a strong reduction of gene number underlying QTLs (cur-
rently 92 genes versus 800 genes based on 2001 map).
Among these 92 genes, nine could putatively be considered
as involved in the biosynthesis and the assembly of the
secondary cell wall and the regulation of these processes.
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However, genes of unknown function, or genes for which
roles in lignification have not yet been established, could
be the true candidate or could belong to a group of
underlying determinants.

In addition to the improvement of bin 6.06 QTL posi-
tions, new areas involved in cell wall degradability were
detected after the marker densification in bin 4.09. Per se
QTLs with high R* values co-localized in this region and
showed significant epistatic interactions with the major
QTLs located in bin 6.05. Three genes greatly related to
secondary cell wall were present in this region (ZmMYB42,
COVI-like, PAL-like). Finally, this study allowed refining
the search for QTLs related to cell wall degradability and
lignin content, and thus to fractionate large-effect QTLs,
corroborating the questioning proposed by Studer and
Doebley (2011). Following the length reduction of QTL
support interval, the identification of the only gene or
clustered genes responsible of the QTLs was simulta-
neously made easier, with a great reduction of gene number
underlying QTL areas. The reduced support interval length
also allows the establishment of BAC libraries of the two
parental lines F271 and F288, followed by the targeted
sequencing of BACs overlapping the corresponding QTL
support intervals. The current investigations are based only
on one RIL progeny, and the interest of the candidate genes
underlying QTLs for breeding will need further validation
on wider based germplasm. However, because no candidate
gene has been discovered under any of the numerous QTLs
detected for cell wall related traits, the investigations in the
bins 4.09 and 6.05 of the F288 x F271 RIL progeny
should provide relevant clues about the genetic determi-
nants responsible for variation in maize and grass cell wall
degradability.
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