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Abstract Forage quality combines traits related to
protein content and energy value. High-quality forages
contribute to increase farm autonomy by reducing the use
of energy or protein-rich supplements. Genetic analyses in
forage legume species are complex because of their tetra-
ploidy and allogamy. Indeed, no genetic studies of quality
have been published at the molecular level on these
species. Nonetheless, mapping populations of the model
species M. truncatula can be used to detect QTL for forage
quality. Here, we studied a crossing design involving four
connected populations of M. truncatula. Each population
was composed of ca. 200 recombinant inbred lines (RIL).
We sought population-specific QTL and QTL explaining
the whole design variation. We grew parents and RIL in a
greenhouse for 2 or 3 seasons and analysed plants for
chemical composition of vegetative organs (protein con-
tent, digestibility, leaf-to-stem ratio) and stem histology
(stem cross-section area, tissue proportions). Over the four
populations and all the traits, QTL were found on all
chromosomes. Among these QTL, only four genomic
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regions, on chromosomes 1, 3, 7 and 8, contributed to
explaining the variations in the whole crossing design.
Surprisingly, we found that quality QTL were located in
the same genomic regions as morphological QTL. We thus
confirmed the quantitative inheritance of quality traits and
tight relationships between quality and morphology. Our
findings could be explained by a co-location of genes
involved in quality and morphology. This study will help to
detect candidate genes involved in quantitative variation
for quality in forage legume species.

Introduction

Feeding value is of major importance in forage crops
because it contributes to meat or milk production by
ruminants. When high-quality forages are available for the
animal diet, the use of protein and energy-rich supplements
is limited. These supplements are costly and their purchase
reduces the autonomy of the farm. Besides agronomic
practices that may improve forage quality, genetic progress
is required. In legume forage such as alfalfa (Medicago
sativa), when a breeder includes quality traits in its selec-
tion criteria, he focuses on the energy value and the protein
content. These traits have a quantitative inheritance and
their heritability has moderate values (Neff and Simon
1986; Julier et al. 2000; Guines et al. 2002). The genetic
analysis of quantitative traits is complex in alfalfa because
of its heterozygosity and autotetraploidy. The use of a
related model species (M. truncatula) that has recently
been sequenced (Young et al. 2011), is expected to provide
information on genetic inheritance of traits of agronomic
interest (Young and Udvardi 2009).

Feeding value has been extensively studied in alfalfa. It
results from the combination of plant architecture, stem
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histology and plant composition. It is well known that
energy value (or digestibility) and protein content are
explained by the leaf-to-stem ratio in the forage (the leaves
having higher energy value and protein content than the
stems) and by the digestibility of the stem that decreases as
it elongates (Mowat et al. 1965; Terry and Tilley 1969;
Heinrichs et al. 1969).

A stem consists in a succession of phytomers, each
constituted of one internode and the corresponding leaf.
The development of the vascular system during internode
maturation is characterised by secondary wall thickening,
deposition of polysaccharides such as hemicellulose and
cellulose and finally lignification of xylem and primary
phloem (Wilson 1993; Vallet et al. 1996; Engels and Jung
1998; Jung and Engels 2002), thus resulting in the decrease
of stem digestibility (Jung and Engels 2002). Young
internodes contain non-lignified tissues whereas mature
internodes, whose proportion in the stem increases as plant
grows, have lignified tissues. Genetic variation in stem
anatomy has been reported in alfalfa (Guines et al. 2003;
Julier et al. 2008). It was proposed that reduction of xylem
proportion in the stem and increase of the proportion of
non-lignified tissues such as pith parenchyma and cortex
could be targets to improve forage quality in this forage
legume (Guines et al. 2003). Pith parenchyma, in the
middle of the stem cross-section, has a low cell-wall den-
sity. Contrastingly, the cortex that includes tissues between
epidermis and cambium has a high cell-wall density.

At the chemical level, energy value is often measured by
the digestibility (or solubility) of dry or organic matter in
laboratory conditions (Aufrére 1982). The plant cell wall is
a complex biological structure. Its content and its compo-
sition are measured because they contribute to the fate of
the polymers during digestion. The van Soest analysis
(Goering and Van Soest 1970) gives access to the total cell
wall, or Neutral Detergent Fiber content (NDF, hemicel-
lulose, cellulose and lignin, except pectins), the Acid
Detergent Fiber content (ADF, cellulose and lignin) and the
Acid Detergent Lignin content (ADL, lignin). Lignin is a
major component of the cell wall that is recognized as
limiting digestion of the wall polysaccharides in the rumen
(Jung et al. 1994). It reinforces plant cell walls, providing
rigidity, impermeability to water, and protection against
pathogens but also reduces the accessibility of the microbes
of the rumen to the cell walls (Wilson 1993; Vallet et al.
1996; Engels and Jung 1998, 2005; Jung and Engels 2002).
It has been observed that a decrease in digestibility with
increased stem maturity was correlated to an increase in
lignin content and an increase in the ratio of syringyl/
guaiacyl, the two major methylated and di-methylated,
respectively, monomers that form lignin polymer
(Guo et al. 2001a). Over a set of genotypes, digestibility
was correlated to cell-wall contents (NDF, ADF and ADL)
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(Julier et al. 2000). A large genetic variation for digest-
ibility or cell-wall contents was established among varie-
ties (Heinrichs et al. 1969; Buxton et al. 1987; Lenssen
et al. 1991; Julier et al. 1996) and more strikingly among
genotypes (Julier et al. 2000). The correlation between
forage yield and digestibility is negative, especially during
plant growth (Lemaire and Allirand 1993; Julier and
Huyghe 1997), but the genetic variation around this cor-
relation is large enough to select high-yielding varieties
with high-energy value (Julier et al. 2000).

The lignin biosynthesis pathway is composed of many
genes with complex regulatory control (Boerjan et al. 2003;
Boudet et al. 2003; Zhao and Dixon 2011). Some key genes
were identified and targeted to downregulate them. For
example, reduction of syringyl monomer content in lignin,
obtained by downregulation of COMT (caffeic acid
3-O-methyltransferase), reduced lignin content in alfalfa
stems and increased digestibility (Guo et al. 2001b), but a
greater improvement in digestibility was attained with a
downregulation of CCoAOMT (caffeoyl coenzyme A 3-O-
methyl transferase) that induced a decrease in lignin
content without change in syringyl content (Guo et al. 2001b).
Downregulation of hydroxycinnamoyl CoA: shikimate
hydroxycinnamoyl transferase (HCT) induced a reduction in
fiber content and an increase in dry matter digestibility (Shadle
et al. 2007).

A quantitative inheritance of quality traits was expected:
numerous genes of lignin pathway and regulation may
explain genetic variation for forage quality and growth,
itself quantitatively inherited, influences forage quality.
Traits related to feeding value in alfalfa can easily be mea-
sured in M. truncatula and they have a similar biological
meaning (Schnurr et al. 2007). QTL approaches aim at
identifying the regions of the genome that explain pheno-
typic variation in the traits. In this paper, we present QTL
detection in the model species M. truncatula for traits related
to energy value, protein content and stem histological traits.
A crossing design composed of four connected mapping
populations made from four unrelated parental lines was
used. This design has already been studied for QTL detec-
tion of morphogenetic traits (Lagunes Espinoza et al. 2012).
It allows a greater precision for QTL positioning (Jourjon
et al. 2005) and fine mapping of candidate genes annotated
on the M. truncatula sequence (Young et al. 2011).

Materials and methods
RIL populations
Four RIL populations of M. truncatula that share common

parents were used. Populations LR1 (233 RILs), LR4 (199
RILs), LR5 (173 RILs) and LR6 (179 RILs) were,
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respectively, obtained from the crosses DZA315.26 x
DZAA45.6,Jemalong6 x DZA315.16, Jemalong6 x F83005.5
and Jemalongb x A20. DZA315.26 and DZA45.6 originate
from Algeria, F83005.5 from France, and Jemalong6 and A20
from Australia. DZA315.26 and DZA315.16 lines were
extracted from the same population and seem phenotypically
identical, especially for flowering date (Pierre et al. 2008). All
experiments were conducted in a greenhouse in Lusignan
(France) in 2002, 2003 and 2004 for the LR4 population, spring
and autumn 2005 for the LR1 and LRS populations and 2007
and 2008 for the LR6 population. The four parents were
included in each experiment.

Plant cultivation and sample analysis

Seeds of RIL populations were scarified and sown into
Petri dishes, imbibed for 24 h at room temperature and
vernalized at 4 °C for 48 h. Germinated seeds were trans-
planted in individual pots and grown in greenhouse in
INRA Lusignan (France); the experimental conditions were
described in previous publications (Julier et al. 2007; Pierre
et al. 2008; Lagunes Espinoza et al. 2012). Each replication
was composed of one plant (Table 1), to maximise the
number of genotypes under study, as recommended to
optimise QTL detection. For LR4 in 2002 and 2003 years,
the RILs were arranged in a randomized complete block
design with three repetitions. For the other populations or
for LR4 in 2004, 15 RILs per population and the parental
lines were randomly taken and repeated three times. The
repeated lines and the non-repeated ones were randomly
displayed in a single experimental design.

When all the lines had flowered and before onset of
senescence, all RILs were individually harvested. In 2002
and 2003, on LR4 population, the two longest primary
branches were harvested and leaves and stem were
separated. In all other experiments, the whole plant was
harvested. Samples were dried in an oven at 60 °C and
ground to pass through a 1-mm sieve and weighed. In 2002 and
2003, leaf-to-stem ratio was calculated as the ratio between

the leaf and the stem dry weights. Leaf-to-stem ratio is an
estimate of forage quality because leaves have a higher
protein content and digestibility than stems. Enzymatic
solubility (Aufrére 1982), hereafter called digestibility, of
stems and of leaves and protein content (Dumas method)
of stems and of leaves were predicted by near infrared
spectroscopy (NIRS) with equations developed at INRA
Lusignan (Julier et al. 2000). The standard error of cross
validation and the coefficient of determination of the
equations were 0.86 and 0.98 for ADF content, 1.58 and
0.96 for digestibility, 0.51 and 0.99 for protein content, and
0.13 and 0.79 for leaf-to-stem ratio, respectively. The
whole plant digestibility and protein content were esti-
mated from leaf and stem composition, taking into account
the dry weight of leaves and stems. In the other years,
digestibility, ADF (Acid Detergent Fibre) content (Goering
and Van Soest 1970; Aufrere 1982) and protein content of
whole plant and leaf-to-stem ratio were predicted by NIRS.
A subset of about 5 % of the samples was analysed in wet
chemistry each year to verify the NIRS predictions.

The histological structure of the stem was analysed on
LR4 population in 2002 and 2003. A 2-cm long segment
was sampled at the mid-point of the basal portion of two
mature primary branches per plant considered as the most
lignified stem portions (Julier et al. 2008). Each segment
was fixed in a glacial acetic acid/95° ethanol fixative
solution. A histological analysis was performed according
to the methodology used by Guines et al. (2003). Fifty
micrometer stem cross-sections performed using a Vibra-
tome® (series 1000) were stained with Fasga (Tolivia and
Tolivia 1987) staining lignin in red and cellulose in blue.
Sections were mounted on slides in distilled water and
examined by stereo microscopy with 30x and 80x mag-
nification, and by light microscopy with 200x magnifica-
tion. Colour image analysis of stained stem cross-section
was carried out with a video camera (3CCD colour camera,
CV-M90) installed on a microscope and on a stereomi-
croscope. A semi-automated image analysis was developed
using the 6.1 version of Optimas™ (Media Cybernetics

Table 1 Sowing and harvest

Sowing date Harvest date Range of average

temperatures (°C)

dates of the four M. truncatula Population Year/season
RIL populations
LR1 2005/spring
2005/autumn
LR4 2002/spring
2003/spring
2004/autumn
LR5 2005/spring
2005/autumn
LR6 2007/spring
2008/autumn

04 March 13 June 15.5-35.8
15 September 20 December 12.7-20.3
02 April 19 June 16-29

25 March 12 June 16-29

09 August 29 November 12.5-27.5
04 March 13 June 15.5-35.8
15 September 20 December 12.7-20.3
05 March 30 May 13.5-26.0
07 March 20 May 12.4-26.4
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1996). In the area of the whole histological stem cross-
section, the proportions of cortex, of xylem and of pith
parenchyma were calculated and expressed as a ratio to the
radius of the stem cross-section (Guines et al. 2003).
Analyses of variance were performed for each RIL
population in each season or year using the GLM procedure
of SAS (SAS Institute Inc. 2000). For LR4 in 2002 and
2003, the effects of genotypes and repetitions were tested
for all recorded traits. For the other experiments, only the
effect of genotypes was tested. Variances of the random
effects (genotype and error) were estimated with the
VARCOMP procedure of SAS. Broad sense heritability of

each trait was calculated as h? = ﬁ’ with oi = vari-
ance of lines, considered as random effect, 02R = variance
of error and b = number of repetitions. Means were cal-
culated for the repeated lines in each experiment. For the
non-repeated lines, the raw data were used. Correlations
among traits were calculated using the CORR procedure of
SAS, on the means of RIL per population. As morpholog-
ical traits were also recorded in these experiments (Lagunes
Espinoza et al. 2012), correlation between quality and
morphological traits (length of primary branches, branch

elongation rate and flowering time) was calculated.

QTL mapping

Framework maps were already available (Lagunes Espi-
noza et al. 2012) and comprised between 60 and 62 SSR
markers each. QTL mapping was performed using the
method of composite interval mapping (CIM) implemented
in QTL Cartographer (Basten et al. 1994; Basten et al.
2002). The threshold for adding a QTL, determined at 5 %
risk by a permutation test method (1,000 replications),
corresponded to LOD > 2.46. QTL positions were esti-
mated where the LOD score reached its maximum in the
region under consideration. A LOD support interval was
constructed for each QTL based on a LOD drop-off equal
to 1 (Lander and Botstein 1989).

The BioMercator software (Arcade et al. 2004) was used
to draw the QTL on the map of each population and to
build a consensus map by iterative projection of loci using
a homothetic function (Lagunes Espinoza et al. 2012). A
multi-population QTL analysis performed with MCQTL
software package (Jourjon et al. 2005) was carried out to
better estimate the position of the QTL that were common
to different populations and their effects. Adjusted means
of the RIL (Blanc et al. 2006) and the consensus map were
used to launch the multi-population QTL analysis with the
“connected” option. An additive connected model was
chosen, with the iterative QTL mapping method (iIQTLm)
using genetic cofactors, and a windows size of 5.5 cm.
Cofactor selection and test of QTL effects were performed
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with F test. F thresholds were determined with 1,000
permutations to correspond to a global type I risk of 1 %
(across all populations and the total genome).

Mapping of candidate gene related to lignin
biosynthesis

The candidate genes described to be involved in lignin
biosynthesis were listed from literature (Boerjan et al.
2003; Boudet et al. 2003; Zhao and Dixon 2011). Their
names were used on http://medicago.jcvi.org/, in the page
Putative function name of the Search tab, to identify
M. truncatula contigs that contained genes annotated by
these names. Each contig number was then entered in the
Keywords Search on http://www.medicagohapmap.org/ to
obtain the BAC number. The position of the BAC on the
M. truncatula genome assembly version 3.5 was obtained
on the contig viewer proposed by the UMN Assembly
Browser. This position was compared to the position of the
markers of our map on the genome and summarized on the
map (Fig. 2) to analyse co-location with QTL.

Results

Genetic variation among RILs of the four mapping
population

Significant differences among lines in the populations LRS
(except for protein content in autumn) and LR4 (years 2002
and 2003) were observed for forage quality and stem his-
tology (Supplementary Materials 1, 2, 3 and 4). There were
no significant differences among lines in LR1 and LR4 in
2004. Broad-sense heritability ranged from 0.62 to 0.88 for
traits with a significant genotype effect (Tables 2, 3).
Similar values and ranges of variation in all the populations
and experiments were observed for ADF, whole plant, stem
and leaf digestibility (Table 4). Compared to the other
experiments, whole plant protein content and leaf-to-stem
ratio were lower in LR4 in 2002 and 2003, probably
because only two mature stems were harvested instead of
the whole plant in the other experiments. However, large
transgressive variations were observed for each of these
traits in the RIL populations, indicating that positive and
negative alleles are shared between the parents in each RIL
population (Fig. 1; Table 5).

Correlations among quality, histological
and morphological traits

In all populations, quality traits were highly correlated
among themselves (Table 6). Digestibility of whole plant
was strongly correlated to plant fiber content (ADF), with
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Table 2 Broad-sense heritability for quality traits in four RIL populations of M. truncatula
Trait LR1 LR1 LR4 LR4 LR4 LR5 LR5 LR6 LR6
Spring Autumn Spring Spring Autumn Spring Autumn Spring Spring
2005 2005 2002 2003 2004 2005 2005 2007 2008
ADF 0.31 0.63 - - 0.48 0.87 0.80 0.58 0.73
Whole plant digestibility 0.34 0.51 0.81 0.77 0.46 0.86 0.64 0.51 0.75
Whole plant protein content 0.49 0.56 0.71 0.62 0.00 0.88 0.29 0.46 0.78
Leaf:stem ratio 0.36 0.53 0.71 0.76 0.46 0.83 0.78 0.68 0.62

Table 3 Broad-sense heritability for forage quality and stem
histology in LR4 population of M. truncatula

Trait Spring 2002  Spring 2003
Leaf digestibility 0.75 0.61
Stem digestibility 0.85 0.84
Leaf protein content 0.69 0.55
Stem protein content 0.81 0.72
Area of the whole stem cross-section ~ 0.83 0.84
Percentage of pith parenchyma 0.72 0.72
Percentage of the xylem 0.65 0.48
Percentage of cortex 0.65 0.71

correlation values between —0.95 and —0.97. Leaf-to-stem
ratio was correlated to both protein content and digest-
ibility of whole plant. Protein content and digestibility
were positively correlated. In the LR4 population evaluated
in 2002 and 2003, whole plant digestibility was correlated
to stem digestibility, but whole plant protein content was
correlated to both leaf and stem protein contents (Table 7).
Leaf-to-stem ratio was positively correlated to protein
content and digestibility of whole plant. Stem width,
measured by the area of the whole stem cross section, was
negatively correlated to protein content and digestibility of
whole plant, but the correlation was not very high. Stem
digestibility and stem protein content were positively cor-
related to the proportion of cortex. The other histological
traits were weakly correlated to chemical composition.
Stem width was positively correlated to the proportion of
parenchyma but negatively correlated to the proportion of
cortex, and the proportion of xylem was negatively corre-
lated to the proportion of parenchyma. Consequently,
plants with a high stem digestibility had stems with a high
proportion of cortex but this increase of cortex proportion
was mainly observed in thin stemmed plants.

Most correlations between morphology and quality traits
were significant (Table 8). The length of primary branches or
their elongation rate was negatively correlated to the whole
plant digestibility (and positively correlated to ADF con-
tent), protein content and leaf-to-stem ratio. As the length of
primary branches was negatively correlated to flowering

time, flowering time was conversely positively correlated to
digestibility, protein content and leaf-to-stem ratio.

QTL analysis

For QTL detection, all traits were analysed, even when
their heritability was low. With a composite interval
mapping procedure implemented on each population, a
total of 86 QTL were identified across years or seasons in
the four RIL populations for quality traits (Supplementary
Material 5, Fig. 2), and 20 QTL for stem histology (Sup-
plementary Material 6, Fig. 3). Sixteen, 29, 18 and 13 QTL
were revealed in the LR1, LR4, LR5 and LR6 population,
respectively.

Seventeen QTL for ADF were detected on all chromo-
somes except chromosome 3, corresponding to nine
genomic regions in the four RIL populations. They
accounted for 7.0-23.7 % of the genetic variation. Additive
effects of Jemalong6 alleles were positive in the LR4 and
LRS5 populations and negative in the LR6 population.
DZA315.26 alleles in the LR1 RIL population showed
either positive or negative effects.

Eighteen QTL were detected for whole plant digest-
ibility on chromosomes 1, 4, 5, 6, 7 and 8, corresponding to
eight genomic regions. Genetic variation explained by each
QTL accounted for 5.3-33.1 % of the variation. Each
parent had alleles contributing positively or negatively to
the variation.

In the LR4 population, six QTL were detected for stem
digestibility on chromosomes 1 and 7, corresponding to
two genomic regions. Positive and negative effects were
shown by Jemalong6. In this same population, seven QTL,
on chromosomes 3, 4, 5 and 7, controlled leaf digestibility.
QTL accounted for 8.9-20.1 % of the variation. The effect
of the Jemalong6 allele was positive for each QTL.

Nine QTL controlled whole plant protein content on
chromosomes 1, 2, 3, 7 and 8, corresponding to six geno-
mic regions. QTL on these regions explained from 2.9
to 129 % of genetic variation. Jemalong6 alleles
induced negative effects in LR4 and LRS5 populations but
a positive effect in LR6 population. DZA315.26 allele
induced negative or positive effects in LR1 population.
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Table 4 Means and ranges of variation of quality traits in LR1, LR4, LR5 and LR6 populations of M. truncatula, calculated over the mean
values of the whole populations

RIL Population/ ADF DIGy DIG, DIGg PCy PC,. PCs LSR

season

LR1/spring 2005 28.2 (20.8-37.7)  67.1 (55.1-75.1) - - 21.6 (13.0-26.8) - - 0.93 (0.46-1.29)
LRI/autumn 2005  32.4 (25.9-37.4) 64.6 (58.4-70.9) - - 21.3 (17.7-24.9) - - 0.72 (0.46-1.03)
LR4/spring 2002 - 62.6 (56.6-71.4) 87.4 (85.1-90.1) 47.0 (41.6-52.6) 12.4 (10.0-15.4) 22.6 (19.4-26.0) 6.0 (5.0-7.1) 0.65 (0.42-1.24)
LR4/spring 2003 - 61.1 (52.7-83.6) 83.1 (78.7-86.0) 47.1 (41.4-53.8) 11.0 (7.1-15.8)  18.9 (12.8-23.2) 5.8 (4.1-7.6) 0.66 (0.36-1.11)

LR4/autumn 2004
LRS5/spring 2005
LR5/autumn 2005
LR6/spring 2007
LR6/spring 2008

28.2 (23.4-33.9)
32.5 (21.5-42.5)
32.5 (24.9-39.7)
31.5 (25.3-36.8)
31.8 (26.4-40.5)

68.7 (61.3-74.2)
61.2 (48.1-73.5)
64.4 (56.9-71.4)
65.7 (59.7-72.2)
65.4 (51.9-72.1)

21.6 (13.9-26.0)
18.8 (13.5-24.6)
20.6 (16.6-26.3)
17.0 (12.0-21.9)
17.6 (13.6-22.3)

0.88 (0.58-1.20)
0.73 (0.29-1.33)
0.72 (0.35-1.14)
0.84 (0.58-1.10)
0.82 (0.64-1.04)

ADF ADF content, DIG whole plant digestibility, DIG,, leaf digestibility, DIG stem digestibility, PC7 whole plant protein content, PC,, leaf protein content, PCs stem protein

content, LSR leaf-to-stem ratio

In LR4 population, leaf protein content was controlled by
two QTL, on chromosomes 1 and 8, and stem protein
content was controlled by three QTL, on chromosomes 4, 7
and 8. These QTL explained from 13.3 to 23.2 % of var-
iation for leaf protein content and from 13.2 to 18.1 % for
stem protein content. Jemalong6 alleles showed either a
positive additive effect or a negative effect.

For leaf-to-stem ratio, 24 QTL were detected on all
chromosomes of M. truncatula genome in the four RIL
populations, corresponding to ten genomic regions. QTL
accounted for from 4.9 to 22.1 % of variation.
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For stem histology in LR4 population (Supplementary
Material 6, Fig. 3), five QTL corresponding to four
genomic regions were detected for area of the whole
stem cross section. QTL accounted for 7.9-31.0 % of
variation. Six QTL controlled pith parenchyma propor-
tion, corresponding to five genomic regions. QTL
accounted for 5.7 to 28.6 % of variation. Five QTL were
detected for cortex proportion corresponding to five
genomic regions. QTL accounted for 9.5-35.4 % of
genetic variation. Finally, four genomic regions were
detected on chromosomes 1 and 8 for xylem proportion.
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Fig. 1 Histogram for whole plant digestibility in the four recombinant inbred populations of M. truncatula. Points indicate the mean values of

the parental lines
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Table 5 Means and ranges of variation of stem histology in LR4 population of M. truncatula and parental values, calculated over the mean

values of the whole population

Trait Spring 2002 Spring 2003

Mean Range Jemalong6 DZA315.16 Mean Range Jemalong6 DZA315.16
Area of the whole stem cross-section, mm? 4.08 2.28-6.11 3.30 4.34 446 1.95-6.29 3.38 5.39
Percentage of pith parenchyma 63.0 574-67.5 644 60.5 644  56.9-68.3 66.4 60.4
Percentage of xylem 17.9 11.5-27.6 17.5 19.0 18.7 13.8-23.8 17.2 24.1
Percentage of cortex 20.1 15.6-24.5 18.8 21.2 18.0  12.7-21.8 169 17.6

Table 6 Phenotypic correlations between quality traits in LR1, LR4,
LRS and LR6 RIL populations of M. truncatula

Population/season ~ DIGt PCrt LSR

AD LR1/spring —0.97*** (0. 73%¥*  _(.95%**
LR1/autumn —0.95%**  —(0.80%**  —(0.97***
LR4/2004 —0.96%**  —0.86%**  —(.76%**
LR5/spring —0.97*** (0. 73%**  _(.95%**
LR5/autumn —0.96%**  —(0.79%**  —(.99%***
LR6/2007 —0.97%%x  _Q.37***k  —(),94%*%
LR6/2008 —0.97*%**  —0.65%**  —(0.50%**

DIG;r  LRI1/spring 0.77%%* 0.93%3#:
LR1/autumn 0.85%%%* 0.93%*%*
LR4/2002 0.85%%%* 0.89%**
LR4/2003 0.72%%%* 0.85%**
LR4/2004 0.83%#%%* 0.69%
LR5/spring 0.77%#%* 0.93%#:
LR5/autumn 0.85%3#* 0.95%#3
LR6/2007 0.49%%%* 0.93%*%*
LR6/2008 0.67%%* 0.44%*%

PCr LR1/spring 0.69%%**
LR1/autumn 0.76%*%*
LR4/2002 0.78***
LR4/2003 0.73%#%
LR4/2004 0.60%*3
LR5/spring 0.69%%*%*
LRS5/autumn 0.78%**
LR6/2007 0.31%*%*
LR6/2008 0.18*

ADF ADF content, DIGy whole plant digestibility, PCy whole plant
protein content, LSR leaf-to stem ratio

* Significant P < 0.05; ***significant P < 0.001

For all QTLs for histological traits, Jemalongb
alleles induced either positive additive effects or negative
ones.

Multi-population QTL analysis

QTL mapping in this multi-cross design, using MCQTL
software, showed 8 QTL for forage quality traits

(Table 9). On chromosome 7, a cluster of four QTL (ADF,
whole plant digestibility and protein content, leaf-to-stem
ratio) was located at the position from 56.5 to 57.4 cm,
and explained from 4.5 to 12.0 % of total variation.
Jemalong6 and A20 alleles at this QTL induced a poor
quality (high ADF, low whole plant digestibility and
protein content, leaf-to-stem ratio) while the alleles of the
three other parents induced a high quality. Two QTL were
detected for ADF and whole plant digestibility at 5 cm on
chromosome 8, explaining 8.1 and 7.6 % of genetic var-
iation, respectively. Again, the alleles of Jemalong6 and
A20 induced a poor quality (high ADF and low whole
plant digestibility) while DZA45.5 and F83005.5 alleles
induced a high quality. A QTL on chromosome 1 at
70 cm controlled the whole plant protein content and
explained 4.1 % of variation. Positive additive effects of
Jemalong6, DZA315.26 and F83005.5 were observed.
Finally, a QTL was detected for leaf-to-stem ratio on
chromosome 3 at 52.6 cm, accounting for 3.7 % of
genetic variation. Alleles of DZA315.26 and DZA45.5
showed positive additive effects. The QTL detected in this
multipopulation analysis corresponded to QTL with a
strong effect (LOD > 7) detected in one or several
populations (on chromosome 8 for ADF and DIGrt, on
chromosome 7 for leaf-to-stem ratio), or to QTL with a
moderate effect (LOD < 7) found in several populations
(on chromosome 7 for ADF and whole plant digestibility,
on chromosome 3 for leaf-to-stem ratio).

Co-location between QTL and candidate genes

The genes described to belong to lignin pathway and
annotated on M. truncatula genome were located on the
genetic map (Fig. 2). They were irregularly spread over
the genome, with many genes located on chromosome 4.
Co-locations of these genes with QTL were evidenced for
the QTL at the bottom of chromosome 3 and chromosome
4 and at the top of chromosome 5. For the QTL detected in
the multi-population analysis, the single co-location with
candidate genes was observed at the bottom of chromo-
some 3 for a QTL of leaf-to-stem ratio.
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Table 7 Phenotypic correlations between stem histology and quality traits during spring 2002 and 2003 in LR4 RIL population of M. truncatula

DIGt DIG. DIGg PCr PCL PCs AWSC PPP PX PC
LSR 2002 0.89%**  —0.31%* 0.61 *** 0.78***  —0.03 NS 0.55%*%*%  —0.16 —0.17NS —-0.15NS 0.43%%%
2003 0.85%** 0.00 NS 0.63%** 0.73%#% 0.32%%* 0.68***  —0.44*%*%%  —040%**  —0.09 NS 0.51#*%*
DIGr 2002 —0.19NS 0.87%#*%* 0.85%** 0.12 NS 0.79%%%  —0.24* —0.19 NS —0.21%* 0.54#%%*
2003 0.20* 0.86%#* 0.72%%%* 0.28%#* 0.66%**  —0.46***  —0.40%** —0.11 NS 0.57#%*
DIG;, 2002 —0.24* —0.15 NS 0.22%* —0.06 NS —0.62**%*  —0.20* 0.10 NS 0.13 NS
2003 0.08 NS 0.04 NS —0.02 NS 0.11 NS —0.46%**  —0.22% 0.03 NS 0.23%*
DIGs 2002 0.72%%%* 0.21* 0.87#**  —0.I0NS —0.13NS —0.22* 0.45%#%*
2003 0.51%*%* 0.23% 0.56%**  —0.27%%  —027**  —0.09 NS 0.41%%%
PCr 2002 0.56%** 0.82%*%*  —0.36*** —0.11 NS —0.30** 0.597##*
2003 0.83%#* 0.92%%%  —0.38*%*%*  —0.19 NS —0.35%** 0.57%***
PC. 2002 0.42%%%  —(0.39%** 0.02 NS —0.27** 0.34#%%*
2003 0.80***  —0.15 NS 0.09 NS —0.45%%** 0.36%**
PCg 2002 0.32%#%  —0.11 NS —0.25*% 0.54#%%*
2003 —0.46%*%  —027%F  —0.30%* 0.597%:#*
AWSC 2002 0.39%%*  _0.09 NS —0.47%%*
2003 0.45%#%* 0.14 NS —0.66%**
PPP 2002 —Q.71%%% (. 26%**
2003 —0.58%%%  _(),55%%xx
PX 2002 .41 %%
2003 —0.29%%

ADF ADF content, DIG7 whole plant digestibility, DIG, leaf digestibility, DIG¢ stem digestibility, PCy whole plant protein content, PC; leaf
protein content, PCs stem protein content, LSR leaf-to-stem ratio, AWSC area of the whole stem cross-section, PPP proportion of pith

parenchyma, PX proportion of xylem, PCO proportion of cortex

Discussion
Genetic variation

Genetic variation was observed for forage quality and stem
histology within the four RIL populations of M. truncatula.
This result is in accordance with the variation in stem
chemical composition between four M. truncatula lines
(Schnurr et al. 2007). Similarly, in forage legumes such as
alfalfa, genetic variation for quality and histological traits
has been observed (Julier et al. 2000; Guines et al. 2003).
Mean values of whole plant digestibility were similar to
those observed in alfalfa (Julier et al. 2000) and higher than
in floral stem of Arabidopsis (Barriere et al. 2005). Schnurr
et al. (2007) also found similar stem composition in
M. truncatula and alfalfa. M. truncatula has much thinner
stems than alfalfa, as indicated by the area of the stem
cross-section that ranged from 2 to 6 mm? in M. truncatula
and from 10 to 20 mm? in alfalfa (Julier et al. 2008). But
the histological composition described in this study for
M. truncatula was similar to that described for alfalfa
(Guines et al. 2003), especially for the xylem proportion
that averaged 18 %. The proportion of parenchyma was
somewhat higher in alfalfa than in M. fruncatula (68 vs.
60 %) and correlatively, the cortex proportion was lower in
alfalfa than in M. truncatula (12 vs. 20 %).

@ Springer

The different estimates of quality traits were strongly
correlated among themselves in M. truncatula as they were
in alfalfa (Julier et al. 2000). The correlations found
between quality traits and morphological and histological
traits in M. truncatula were in accordance with those found
in alfalfa: high plant digestibility was achieved through
high leaf-to-stem proportion and high stem digestibility,
itself correlated to high cortex proportion; a high protein
content was correlated to leaf-to-stem proportion and to
leaf and stem protein contents. As in alfalfa (Guines 2002;
Lamb et al. 2007), genotypes with long stems had lower
stem digestibility and protein content. The correlations
observed between flowering date and quality traits were
high. Flowering in M. truncatula, as in alfalfa, leads to the
establishment of a very low biomass of new organs (axil-
lary inflorescences) that does not directly impact plant
composition. As a consequence, the correlation between
flowering date and quality probably originated from the
correlation between flowering date and stem length.

QTL detection

This study is the first one reporting QTL detection for
forage quality in a forage legume species. Numerous QTL
for quality and histological traits were detected, as
observed in perennial ryegrass (Lolium perenne) for
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Table 8 Correlations between quality traits and plant morphogenesis
in LR1, LR4, LRS and LR6 RIL populations of M. truncatula

Population/season ~ LPB FT BER

AD LR1/spring 0.40%**  —0.3]%%* 0.207%%%*
LR1/autumn 0.56%**  —0.37%** 0.41%%*
LR4/2004 0.37***  —0.30%*%* NS
LR5/spring 0.44***  —0.70%** NS
LRS5/autumn 0.56%**  —(.43%** 0.45%**
LR6/2007 0.51%%%  —Q.57*** 0.61%**
LR6/2008 0.37#%%  —0.69%** 0.15*

DIG;r LR1/spring —0.31%%* 0.30%*%  —(.24%*%*
LR1/autumn —0.48*%** 0.33%%% (. 39%#*
LR4/2002 —0.74%%* 0.56%**  —(0.33%*
LR4/2003 —0.82%** 0.65%*%  —(.57%**
LR4/2004 —0.29%** 0.32%%* NS
LR5/spring —0.38%** 0.71#%*% NS
LRS5/autumn —0.49%** 0.45%%%  —(.45%**
LR6/2007 —0.45%%** 0.55%*%  —(.58%*%*
LR6/2008 —0.27%** 0.63*** NS

PCr LR1/spring NS 0.20%* —0.20%*
LR1/autumn —0.50%** 0.31#%%  —(.44%%*
LR4/2002 —0.70%** 0.54%*%  —0.27**
LR4/2003 —0.62%** 0.57***  —0.209%*
LR4/2004 —0.22%* NS NS
LRS5/spring —0.44%#%* 0.62%**  —0.17*
LRS5/autumn —0.48%*** 0.35%%%  —(.45%**
LR6/2007 —0.24%** 0.18* —0.26%**
LR6/2008 —0.25%** 0.40%** NS

LSR LR1/spring —0.36%** 0.37#%%  —(.42%%*
LR1/autumn —0.47#%* 0.33%%% (. 34%**
LR4/2002 —0.68*** 0.40%**  —0.36%**
LR4/2003 —0.82%%* 0.60%**  —0.64%**
LR4/2004 —0.41%%* 0.32%*%  —0.21%*
LR5/spring —0.43%** 0.70*** NS
LR5/autumn —0.55%** 0.46%*%  —(.45%**
LR6/2007 —0.44+** 0.52%%%  —(.58%**
LR6/2008 —0.41%%* 0.31%%%  —(.38%**

ADF ADF content, DIGy whole plant digestibility, PCy whole plant
protein content, LSR leaf-to-stem ratio, LPB length of primary
branches, FT flowering time, BER branch elongation rate

digestibility and fibre content (Cogan et al. 2005). All the
chromosomes were involved. For most combinations of
traits and mapping populations, each parent carried both
positive and negative alleles. This result is in accordance
with the fact that the parental lines were not submitted to
any breeding program that could have gathered positive
alleles in an improved line. The range of variation of R* for
quality and histological traits was similar to that of mor-
phological traits (Lagunes Espinoza et al. 2012). When
comparing QTL obtained for protein content in this study

with QTL related to nitrogen nutrition in LR4 population
(Moreau et al. 2012), similar positions were observed in the
middle of chromosome 1, the bottom of chromosome 4 and
in the middle of chromosome 8. Chromosome 1 was also
identified in an association study, with one SSR allele
being linked to digestibility in alfalfa (Li et al. 2011).

The multi-population QTL analyses indicated that four
genomic regions, on chromosomes 1, 3, 7 and 8, contrib-
uted to explain phenotypic variation in the whole crossing
design. The R? obtained in this QTL analyses varied among
3.7 and 12.0 and were similar to those obtained for mor-
phological traits, but lower than those obtained for a
major QTL for flowering date on chromosome 7 (Lagunes
Espinoza et al. 2012). Quality and morphological traits had
a quantitative inheritance, as expected, but flowering date
was mainly governed by a major gene in this crossing
design.

The annotation of M. truncatula genome was used to
compare QTL position to candidate gene position. Most
QTL for quality traits did not co-localize with genes related
to lignin biosynthesis. It was not possible to map all the
genes described to belong to lignin pathway since some
genes (4CL, C3H, C4H, C3’H) were not annotated on the
M. truncatula genome. In addition, expression of lignin
genes is frequently controlled by transcription factors that
can be located in other genomic regions than those of the
regulated genes, as found in Arabidopsis (Chavigneau et al.
2012). Contrastingly in perennial ryegrass, some QTL for
quality traits co-localized with genes of the lignin pathway.

All the QTL for quality and histological traits were
located in regions where QTL for morphological traits
were also found. Either the same genes were involved in
both types of traits or genes involved in quality and in
morphological traits co-located in these regions. The first
hypothesis means that all variations in quality traits are
related to variation in morphological traits. Even if quality
and morphology were significantly correlated, in this study
as in other studies in alfalfa, several results indicated that
changes in quality through traditional breeding can be
achieved without changes in morphology or yield. Indeed,
even if divergent selection for lignin concentration alone
had an impact on yield (Kephart et al. 1989), it was pos-
sible to select populations with higher digestibility without
altered forage yield (Julier et al. 2003a). In addition, within
a set of cultivars, a large variation for digestibility was
documented among high-yielding cultivars (Julier et al.
2003b). The transgenesis approach showed that the genes
involved in lignin biosynthesis (Guo et al. 2001a, b; Reddy
et al. 2005; Shadle et al. 2007) had an effect on tissue
composition and digestibility. In these studies, morpho-
genesis was significantly altered in the transgenic plants.
However, it seems that downregulation of lignin synthesis
had a positive effect on salicylic acid synthesis, a stress
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confidences for stem histology in LR4 RIL population of M. truncatula (no QTL was detected on

hormone. Downregulation of genes involved in salicylic
acid synthesis in lignin-modified plants restored growth
potential (Gallego-Giraldo et al. 2011). In addition, epis-
tasis or co-regulations could lead to a correlation between
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quality and morphological traits. In Medicago species as in
others, there are interactions between the genes involved in
lignin synthesis, the genetic background in which they are
placed and the growing environment. This interaction



Theor Appl Genet (2013) 126:497-509

507

Table 9 Number, position and allele effects of QTL for forage quality (measured on the whole plants) using a multi-cross design with MCQTL

software in four RIL populations of M. truncatula

Trait Chromosome Position (cm) Support interval (cm) R? Effect of parents
Jemalong6 DZA315.26 DZA45.5 A20 F83005.5
ADF 7 56.5 55.3-61.2 8.9 0.56 -0.17 —0.58 0.66 —0.46
8 5.0 32-74 8.1 0.49 —0.08 —0.68 0.72 —0.45
Digestibility 7 56.5 53.9-59.3 10.9 -0.77 0.35 0.88 —0.93 0.47
8 5.0 3.2-20.2 7.6 —0.42 —-0.23 0.41 —0.68 0.92
Protein content 1 70.0 59.3-70.0 4.1 0.24 0.08 —0.27 —0.17 0.12
7 574 54.6-63.6 45 —-0.32 0.21 0.40 —0.33 0.04
Leaf-to-stem ratio 3 52.6 50.9-57.5 3.7 —-0.0166 0.0278 0.0332  —0.0192 —0.0251
7 56.5 55.2-59.3 12.0 —0.0332 0.016 0.0413 —0.0394 0.0152

determines yield and persistency of the plants showing
reduced lignin content (Pedersen et al. 2005). These ele-
ments indicate that despite the co-location of QTL for
quality and for morphogenesis and partly common regu-
lation, genes directly related to quality should be involved.
These genes could be identified using fine mapping strat-
egies and the variation in the sequence of their homologues
in alfalfa could contribute to explain phenotypic variation
for forage quality.

There are several consequences of this work on legume
and more specifically on alfalfa breeding. The negative
correlation between forage yield components and quality
traits explains why joint improvement is difficult. The
detection of genes related to quality traits was hampered by
the fact that no QTL specific to quality trait was identified.
No QTL study on quality traits of alfalfa was published.
The identification of common QTL positions in M. trun-
catula and alfalfa would help to focus on these regions to
find the genes that are specifically involved in quality traits.
The use of these genes into breeding programs would need
additional work to find the polymorphisms that would
explain higher quality traits. Transfer of knowledge from a
diploid annual model species to an autotetraploid perennial
crop species is not simplistic but if candidate genes are
identified, their analysis in crop species may give promis-
ing results. It was the case of Constans-like gene, a can-
didate gene isolated after QTL studies in M. truncatula
(Pierre et al. 2011) that proved to explain variation for stem
length and flowering date in alfalfa (Herrmann et al. 2010;
Julier 2012).
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