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Abstract. We have mapped and identified DNA markers linked to morphology, yield, and yield components of
lucerne, using a backcross population derived from winter-active parents. The high-yielding and recurrent parent,
D, produced individual markers that accounted for up to 18% of total yield over 6 harvests, at Gatton, south-eastern
Queensland. The same marker, AC/TT8, was consistently identified at each individual harvest, and in individual
harvests accounted for up to 26% of the phenotypic variation for yield. This marker was located in linkage group 2
of the D map, and several other markers positively associated with yield were consistently identified in this linkage
group. Similarly, markers negatively associated with yield were consistently identified in the W116 map, W116
being the low-yielding parent. Highly significant positive correlations were observed between total yield and yield
for harvests 1–6, and between total yield and stem length, tiller number, leaf yield/plant, leaf yield/5 stems, stem
yield/plant, and stem yield/5 stems. Highly significant QTL were located for all these characters as well as for leaf
shape and pubescence.

Additional keywords: alfalfa, non-dormant.

Introduction
Lucerne (Medicago sativa L.) is one of the world’s most
widely grown forage crops, with an estimated world
area of 32 M ha in the 1980s (Michaud et al. 1988).
In Australia approximately 200 000 ha of lucerne is grown
under irrigation exclusively for hay production, and an
estimated 3.5 M ha of lucerne is used in dryland farming
operations (Pearson et al. 1997). There is potential for
expansion of these dryland areas, with an additional estimated
86 and 9 M ha suitable for planting in eastern and western
Australia, respectively (Hill 1996). As well as the established
uses of lucerne in hay or grazing operations, grazing lucerne
is being used increasingly in conjunction with cereals
for its capacity to increase soil nitrogen levels, improve
water retention properties of soil, to reduce dryland salinity
through lowering of the watertable, and to limit the deep
drainage of water from soil profiles into river systems
(Irwin et al. 2001).

All cultivated lucerne is autotetraploid (2n = 4x = 32)
(Stanford 1951), derived from either M. sativa subsp. sativa,
or M. sativa subsp. sativa introgressed with M. sativa subsp.
falcata. Most lucerne cultivars are genetically broad-based

synthetics developed by randomly intermating elite S0 clones
(genotypes) and advancing through several generations by
open pollination (Busbice 1968; Hill et al. 1988). The
breeding methodologies in lucerne, based on recurrent
selection and polycrossing to produce synthetic varieties,
have changed little over the last 60 years (Tysdal et al.
1942). Severe inbreeding depression has been a major
issue that has limited the development of commercial
lucerne hybrids (Bingham 1980), this being why the use of
larger numbers of S0 clones, from 4 to >100, is favoured
(Hill et al. 1988). In breeding synthetic lucerne cultivars,
to maximise yield, every effort should be made to minimise
inbreeding depression and to maximise heterozygosity and
resultant heterosis (Bingham 1980; Brummer 1999). Kidwell
et al. (1999) explored the use of neutral DNA markers to
select genetically diverse parents to form synthetics where
heterozygosity is maximised. Their studies indicated a lack
of significant differences in forage yield between synthetics
selected for random genetic dissimilarity or similarity, this
being attributed to the inability to target heterozygosity to
specific genomic regions affecting yield. Unfortunately, gains
in lucerne yield have lagged far behind that realised in most

© CSIRO 2006 10.1071/AR05390 0004-9409/06/070801



802 Australian Journal of Agricultural Research J. M. Musial et al.

other agronomic crops. Maize yield increases have been
approximately 2% per year since the widespread adoption
of single crosses (Duvick 1992), contrasting with lucerne
yields, which have increased only 0.15–0.30% or less per
year over the same time period (Brummer 1999). At least
part of the cause of this slow gain is attributable to the
complex genetic nature of lucerne. Another explanation for
the yield stagnation is that breeding programs have focussed
on increased pest resistance and other non-yield traits at the
expense of breeding for yield. Maintaining or improving
many different desirable traits has made concurrent yield
improvement difficult (Hill et al. 1988).

Molecular markers for yield and other morphological
traits will be valuable tools to lucerne improvement programs,
if markers can be associated with these desirable traits
in autotetraploid material. Genetic linkage maps have now
been generated for a large number of diploid plant species,
including diploid lucerne (Brummer et al. 1993; Kiss et al.
1993; Echt et al. 1994; Tavoletti et al. 1996; Barcaccia et al.
1999; Kaló et al. 2000). Three linkage maps of tetraploid
lucerne have been published, the first being based on single-
dose restriction fragments (SDRFs) from restriction fragment
length polymorphisms (RFLPs) (Brouwer and Osborn
1999), another generated with amplified fragment length
polymorphism (AFLP) and simple sequence repeat (SSR)
markers (Julier et al. 2003) and the third using random
amplified polymorphic DNA (RAPD) and AFLP markers
(Musial et al. 2005). In general, mapping studies in polyploid
species are much less advanced, due to the more complex
nature of polyploid inheritance patterns (Mather 1936; Fisher
1947). However the use of molecular markers to map
yield and morphological traits in autotetraploid lucerne has
considerable potential future benefit to lucerne improvement
by breeding, particularly in overcoming the yield stagnation
reported above.

There are no previous published reports where quantitative
trait loci (QTL) conditioning yield in autotetraploid lucerne
have been identified and genetically mapped. This paper
reports the identification of QTL for yield, yield components,
and morphological traits in an autotetraploid lucerne
population, derived from winter-active parents adapted to
northern Australia.

Materials and methods
Plant materials

The following clones and populations were used in the research and are
as reported in Musial et al. (2005): D, a clone from cv. Demnat (Oram
1990) and previously determined in unpublished studies by the authors
to be high yielding; W116, a clone from cv. Sequel (Oram 1990) and also
previously determined in unpublished studies by the authors to be low to
moderate in forage yield; WA401, a single F1 individual from the cross
(D × W116) and intermediate in yield to D and W116; BC1 to BC136,
comprising 120 backcross (BC) individuals generated by crossing
WA401 to D using suction emasculation. The F1 individual (WA401)
and each backcross individual were confirmed as resulting from a cross

by studying the parents and their DNA banding patterns using RAPDs.
All individual plants (D, W116, WA401, and BC individuals) were
clonally propagated, as necessary, from stem cuttings. All plants were
maintained in a glasshouse for 2 months until they were transplanted
in the field in March 2002. The experiment was located on a well-
drained black earth (Ug5.12, Northcote 1971) at Gatton Research
Station, in south-eastern Queensland (27◦34′S, 152◦20′E, alt. 90 m),
where Phytophthora root rot was known not to be an issue. Duplicates
of the 120 BC individuals were planted into a weed-free seedbed
using a completely randomised design with no blocking. This was
laid out in 80 rows, with 3 plants per row and 0.5 m separating
individual plants. Plants were protected from anthracnose, caused by
Colletotrichum trifolii, by bi-monthly application of Benlate (Dupont),
a fungicidal spray.

Agronomic determinations

Table 1 lists the method applied to measuring each plant attribute to
assess plant yield and morphological traits, where variation existed
between D and W116. The experiment was harvested monthly from
June to November 2002, a total of 6 times. The leaf-to-stem ratio (LSR)
and leaf and stem yield per 5 stems were obtained by sampling leaves and
stems from 5 randomly chosen stems per plant at the September 2002
harvest. Tiller number was assessed in May and July 2002; stem length
was assessed at the July and October 2002 harvests. Leaf shape was
assessed in October 2002.

The Kolmogorov–Smirnov normality test confirmed that the data
for each harvest, yield component, and morphological trait followed
a normal distribution (data not shown). Correlations between the
yield components and morphological traits were also made (MINITAB
Release 13.20).

Segregation analysis, map construction, and QTL analysis

The methods used for the DNA extraction, and generation of the RAPD,
AFLP, and SSR markers are those given in Musial et al. (2005).

RAPD, AFLP, and SSR markers that were present as a single band
in D only, or were present in WA401 and D but absent from W116,
were identified (Table 2). These markers were then assessed across
the entire BC population of 120 individuals. This procedure allowed
the development of a coupling phase map of markers located on the
chromosomes of D. Expected segregations were 1:1 and 5:1 (for simplex
and duplex markers, respectively, present in D only), and 3:1 (for
simplex markers present in both D and WA401). Map construction
was completed using Mapmaker version II for MacIntosh (Lander et al.
1987) as described in Musial et al. (2005). A genetic linkage map of
parent W116, generated using the same approaches outlined here, has
already been published (Musial et al. 2005).

QTL were identified with the program Map Manager QTXb20
(Manly et al. 2001) with α = 0.05 (probability of type I error). The
regression analysis and interval mapping functions were applied.
Markers with P < 0.01 were used to indicate QTL that had a significant
effect on the phenotype.

Results

Agronomic determinations

Traits assessed for D, W116, WA401, and the 120 BC
individuals, and the ranges of values obtained are given
in Table 1. Figure 1 graphically represents the total
yield for the BC population and also for each of the
parentals (D, W116, and WA401). Highly significant positive
correlations were evident between total yield and yield
from harvest 1 (r = 0.549, P < 0.001), harvest 2 (r = 0.734,
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Table 1. Attributes measured on spaced plants of W116, D, and WA401 and their backcross population
((D × W116) × D) at Gatton, during the period April 2002 to April 2003, and the range of means observed for

the parents and the backcross individuals

Attribute Measurement unit or rating Range of means D WA401 W116
of BC individuals

Total yield (H1–H6) g DM per plant 40.1–209.6 213.6 134.4 100.5
Harvest 1 g DM per plant 1.8–19.0 16.5 18.7 12.4
Harvest 2 g DM per plant 1.7–15.6 12.9 8.1 7.9
Harvest 3 g DM per plant 4.6–32.8 35.7 21.2 17.1
Harvest 4 g DM per plant 5.3–33.5 35.9 17.7 10.2
Harvest 5 g DM per plant 4.1–40.6 39.6 21.9 13.0
Harvest 6 g DM per plant 1.7–118.2 73.1 46.8 40.1
Stem length 1 cm, of length of longest stem 20.0–42.3 40.5 36.8 31.3
Stem length 2 cm, of length of longest stem 34.0–60.5 56.0 50.0 45.5
Tiller No. 1 Number per plant 2.0–31.5 17.0 19.5 15.0
Tiller No. 2 Number per plant 4.0–41.0 20.5 21.5 25.0
Leaf shape 1, Narrow; 2, medium; 3, broadly round 1.0–3.0 2.0 1.5 1.5
Leaf yield/plant g DM per plant 2.7–18.7 18.3 8.7 6.1
Stem yield/plant g DM per plant 2.2–16.7 17.6 9.1 4.1
Leaf yield/5 stems g DM per 5 stems 1.0–3.5 2.9 1.9 2.0
Stem yield/5 stems g DM per 5 stems 0.9–3.2 2.8 2.2 1.4
Plant habit 1, Prostrate; 2, semi-erect; 3, erect 1.0–3.0 2.5 1.0 2.5
Percent leaf (LSR) % 41.2–64.2 50.7 47.0 59.2
Pubescence 1, Few or no hairs on stems and upper leaf 1.0–3.0 1.5 1.0 1.5

surface; 2, moderate hairiness; 3, very hairy

Table 2. Polymorphic markers used in the genetic analysis of
yield, yield components, and plant morphology in the backcross

population of (D × W116) × D

Presence of marker in parents Expected segregation
W116 D WA401 pattern

1 0 1 1:1
1 0 1 5:1
0 1 0 1:1
0 1 0 5:1
0 1 1 3:1

P < 0.001), harvest 3 (r = 0.826, P < 0.001), harvest 4
(r = 0.875, P < 0.001), harvest 5 (r = 0.899, P < 0.001), and
harvest 6 (r = 0.885, P < 0.001) (Table 3). The positive
correlation between total yield and the individual harvest
data strengthened as the plants became more established
after transplanting. For total yield, WA401 was lower than
mid-parent; the BC population ranged from much lower than
W116 to as high yielding as D. There was also a moderate
to strong positive correlation between total yield and stem
length 1 (r = 0.513, P < 0.001), stem length 2 (r = 0.650,
P < 0.001), tiller number 1 (r = 0.352, P < 0.001) and tiller
number 2 (r = 0.445, P < 0.001), leaf yield/plant (r = 0.884,
P < 0.001), leaf yield/5 stems (r = 0.545, P < 0.001), stem
yield/plant (r = 0.833, P < 0.001), and stem yield/5 stems
(r = 0.538, P < 0.001). There was a weak positive correlation
between total yield and plant habit (r = 0.287, P < 0.01), and
there was no correlation between total yield and either leaf
shape or % leaf.
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Fig. 1. Distribution of total yield (g DM/plant) in backcross
individuals of the (D × W116) × D mapping population. Yield of
parents (W116 and D) and F1 (WA401) is also indicated.

QTL identified for yield, yield components,
and morphological traits for W116

Markers associated with yield at each individual harvest,
and with total yield, were generated, and they showed a
high degree of consistency between harvests (Table 4).
The 10 markers associated with total yield at P < 0.01 all
had negative effects, contributing to a decrease in yield.
Other yield components assessed included tiller number
and stem length, which were measured twice during the
experiment. Leaf and stem yield and leaf-to-stem ratio
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Table 4. Markers linked to quantitative trait loci (QTL) for yield, yield components, and morphological traits derived from clone W116
as identified in the backcross population (D × W116) × D

Trait Group Locus % Total P Additive Trait Group Locus % Total P Additive
variation effects variation effects

Total yield Unlinked P3-2 7 0.00559 −25.16 9 CC/AGG1 10 0.00175 17.40
2 R5-1 9 0.00133 −28.73 13 T19-1 9 0.00183 −15.23
4 CG/CT3 6 0.00866 −23.60 Stem length 1 Unlinked U9-1 6 0.00708 −2.51
4 AC/TT4 7 0.00356 −26.20 Unlinked P3-2 19 0.00000 −4.41
5 CA/CG1 7 0.00404 −27.22 Unlinked CC/CCA11 8 0.00313 −3.10
5 CG/CG10 9 0.00189 −29.59 2 C5-2 7 0.00590 −2.62
9 CC/AGG1 8 0.00712 −22.07 2 U6-1 8 0.00208 −2.84

10 AC/TA8 8 0.00328 −27.68 11 P11-1 6 0.00883 −2.45
12 AC/TT5 9 0.00192 −30.22 11 AC6-1 6 0.00708 −2.54
13 T19-1 7 0.00587 −24.87 11 D18-1 7 0.00485 −2.66

Harvest 1 Unlinked X3-1 8 0.00229 2.25 11 W17-1 8 0.00198 −2.91
Unlinked P3-2 15 0.00003 −3.06 12 AS9-1 7 0.00582 −2.67

5 CA/CG1 7 0.00761 −2.03 14 AC/TG7 13 0.00021 −3.58
12 AS9-1 6 0.00879 −2.02 14 S8-1 8 0.00185 −2.90

Harvest 2 Unlinked P3-2 12 0.00015 −2.33 14 Y10-1 7 0.00574 −2.66
Unlinked E3-1 7 0.00546 −1.94 14 CT/CC8 8 0.00495 −2.91

2 R5-1 6 0.00802 −1.64 15 CC/TT8 8 0.00415 −2.95
5 CA/CG1 8 0.00286 −1.94 Stem length 2 Unlinked CC/ACA6 7 0.00535 2.86
5 CG/CG10 9 0.00261 −1.98 2 U6-1 7 0.00344 −2.93
5 AC/TT6 7 0.00770 −1.77 5 CG/CG10 12 0.00030 −3.81

12 AS9-1 7 0.00472 −1.81 12 AC/TT5 6 0.00962 −2.80
14 S8-1 6 0.00643 −1.69 14 GC/CG2 7 0.00695 −3.03
17 CG/CG8 7 0.00867 −1.86 Tiller No. 1 12 GC/CG5 9 0.00151 −3.48

Harvest 3 Unlinked P3-2 13 0.00015 −5.32 13 GC/CG4 6 0.00939 −2.79
Unlinked CC/CAA8 6 0.00906 −3.57 Tiller No. 2 Unlinked P3-2 11 0.00043 −5.27
Unlinked CG/CG5 7 0.00738 −3.87 Unlinked X3-1 6 0.00792 3.88

2 C5-2 6 0.00860 −3.55 5 CA/CG1 9 0.00261 −4.53
2 R5-1 11 0.00034 −4.69 12 GC/CG5 6 0.00695 −4.08
2 U6-1 7 0.00439 −3.79 Leaf shape 3 C5-1 7 0.00429 0.28
5 CA/CG1 9 0.00146 −4.44 3 AC/TA6 14 0.00010 0.39
5 CG/CG10 10 0.00123 −4.56 3 CC/TCC3 12 0.00048 0.36
7 CA/TG5 10 0.00570 −4.86 4 AS11-1 7 0.00410 −0.28

12 AC/TT5 11 0.00073 −4.85 4 J3-1 17 0.00001 −0.42
12 S13-1 6 0.00774 −3.69 4 GC/TG3 14 0.00009 −0.38
12 AS9-1 7 0.00410 −3.94 4 GC/TG5 11 0.00083 −0.33
14 AC/TG7 7 0.00500 −3.86 12 AC/TT5 8 0.00293 0.30
14 S8-1 7 0.00614 −3.63 18 CC/CCA4 10 0.00128 0.33

Harvest 4 Unlinked P3-2 12 0.00021 −5.11 Leaf yield/plant Unlinked P3-2 9 0.00108 −2.36
2 C5-2 6 0.00736 −3.79 1 AC/AGG2 6 0.00997 −1.92
2 R5-1 14 0.00006 −5.46 2 R5-1 12 0.00015 −2.69
2 U6-1 12 0.00023 −5.10 2 U6-1 10 0.00084 −2.41
4 AS11-1 6 0.00970 −3.59 4 AS11-1 6 0.00730 −1.93
5 CA/CG1 9 0.00174 −4.53 4 CG/CT3 6 0.00867 −1.89
5 CG/CG10 11 0.00077 −4.92 4 AC/TT4 6 0.00842 −1.90
7 CA/TG5 14 0.00130 −5.77 5 CA/CG1 7 0.00526 −2.12

12 AC/TT5 10 0.00142 −4.76 5 CG/CG10 8 0.00295 −2.28
14 AC/TG7 7 0.00715 −3.86 7 CA/TG5 11 0.00334 −2.82

Harvest 5 2 R5-1 8 0.00217 −5.03 12 AC/TT5 9 0.00263 −2.35
2 U6-1 7 0.00364 −4.85 14 AC/TG7 8 0.00359 −2.17
4 CG/CT3 6 0.00885 −4.31 14 AC/TA9 6 0.00862 −1.89
4 AC/TT4 10 0.00069 −5.54 Stem yield/plant Unlinked P3-2 15 0.00003 −2.83
5 CA/CG1 9 0.00219 −5.29 2 C5-2 7 0.00360 −2.03
5 CG/CG10 11 0.00069 −5.91 2 R5-1 13 0.00007 −2.67
7 CA/TG5 9 0.00907 −5.49 2 U6-1 12 0.00020 −2.55
9 AC/TA3 7 0.00603 −4.55 5 CA/CG1 11 0.00070 −2.41
9 GC/TG2 6 0.00980 −4.25 5 CG/CG10 12 0.00043 −2.52
9 CC/CCA9 6 0.00671 −4.48 7 CA/TG5 15 0.00078 −2.93
9 F19-1 9 0.00103 −5.35 12 AC/TT5 10 0.00090 −2.44
9 CC/AGG1 10 0.00161 −5.74 Leaf yield/5 stems Unlinked CC/ACA6 7 0.00425 0.27

10 AC/TA8 7 0.00529 −4.82 Unlinked CG/CG5 8 0.00358 −0.30
12 AC/TT5 9 0.00173 −5.57 5 AFct11-3 7 0.00683 −0.21
12 GC/CG5 6 0.00815 −4.51 5 CG/CG10 7 0.00531 −0.28

Harvest 6 Unlinked V17-1 6 0.00859 −13.74 11 H19-1 8 0.00352 −0.27
4 AC/TT4 6 0.00751 −13.13 13 AC/AGG5 7 0.00779 −0.26

(Continued next page)
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Table 4. Continued

Trait Group Locus % Total P Additive Trait Group Locus % Total P Additive
variation effects variation effects

Stem yield/ Unlinked CC/ACA6 8 0.00320 0.27 2 U6-1 7 0.00550 −0.29
5 stems Unlinked CG/CG5 8 0.00379 −0.28 13 CT/CC3 8 0.00724 −0.30

2 C5-2 8 0.00234 −0.27 % Leaf Unlinked P3–2 7 0.00465 2.38
2 R5-1 10 0.00052 −0.30 1 GC/TG1 7 0.00432 −2.39
5 CG/CG10 8 0.00334 −0.28 3 AC/TG10 7 0.00980 2.26
5 AFct11-3 12 0.00025 −0.26 Pubescence 3 CC/TCC3 12 0.00040 −0.31
5 AC/TT6 9 0.00250 −0.29 3 AC/TA6 9 0.00260 −0.27

12 AC/TT5 7 0.00761 −0.26 3 S12-2 9 0.00097 −0.29
Plant habit Unlinked AC/TT2 7 0.00559 0.30 12 CT/GACC3 7 0.00993 0.25

2 R5-1 7 0.00486 −0.29

were each measured once. Highly significant (P < 0.01)
markers for these traits have been identified, and they almost
always contributed negative additive effects, associated with
a decrease in quanta for these traits, inherited from the parent
W116 (Table 4).

In total, 16 QTL were identified for yield across all
6 harvests. Of these, 8 were identified in more than 1 harvest.
They explained 6–15% of the phenotypic variation (Table 4).
The QTL identified on linkage groups 2, 5, and 12 were
the most consistently detected across the different harvests.
An unlinked marker P3–2 identified the QTL with the largest
effect and was also associated with 4 of the 6 harvests.
In total, 10 QTL were identified for stem length, 3 of which
were detected in both harvests (Table 4). Five of these had
previously been identified for plant yield but a unique QTL
on linkage group 11, which explained 8% of the variation,
was detected. Five QTL were detected for tiller number, all
of which were previously detected for yield. Four of these
QTL had a negative effect on the trait and only 1 of these
QTL was consistent between harvests (Table 4). Four QTL
were identified for leaf shape; the largest on linkage group 4
explained 17% of the variation. Two of the QTL had an effect
on yield (Table 4). Twelve QTL were identified for leaf yield.
Seven QTL were detected for stem yield and all of these had
previously been detected with yield and stem length (Table 4).
Three QTL were detected for plant habit. One on linkage
group 2 had previously been detected with yield and the other
2 were unique to this trait. Percent leaf identified 3 QTL, 1 of
which was unique to this trait (Table 4). The unlinked marker
P3–2, which had a negative effect on yield and stem length,
had a positive effect on % leaf. Two QTL were identified for
pubescence. The QTL identified on linkage group 12 had a
positive effect and explained 7% of the variation. The QTL
on linkage group 3 had a negative effect on the trait and
explained 12% of the variation; this same QTL had a positive
effect on leaf shape (Table 4).

QTL identified for yield, yield components,
and morphological traits for clone D

A linkage map was also constructed from bands present
in D only and bands present in D and WA401 (F1 plant),

generating a coupling map of the chromosomes contributed
by clone D (Fig. 2). Due to the population structure, only a
limited number of markers were polymorphic. This resulted
in a linkage map with 8 linkage groups, which were generated
using 52 RAPD, AFLP, and SSR markers; 16 markers remain
unlinked. Polymorphisms were fewer than for W116 due
to the nature of our mapping population, where backcross
individuals contain 75% of the clone D genome. Since D is the
higher yielding of the 2 parents, significant positive additive
effects for yield were identified using D-specific markers.
In total, 8 QTL were identified for yield for clone D across
all 6 harvests (Table 5). Seven of these were detected in more
than 1 dataset. The QTL identified on linkage group 2 with the
largest positive effect on yield was detected at every harvest.
This QTL explained up to 26% of the variation. Nine QTL
were identified for stem length; 2 of these were detected in
both datasets (Table 5). Four of these QTL also had an effect
on yield and the largest effect was the QTL identified on
linkage group 2. Two QTL were identified for tiller number,
1 with a positive effect and 1 with a negative effect. Both
also had an effect on yield. Leaf yield identified 5 QTL all of
which had previously been identified with yield. Again the
largest effect QTL was on linkage group 2 (Table 5). Seven
QTL were identified for stem yield, 6 of which had previously
been identified for yield. One unique QTL was identified with
the unlinked marker CC/TT14. For all these traits the QTL
had a positive effect apart from 1 unlinked marker Z15-3,
which had a consistently negative effect.

Discussion

This paper reports QTL associated with yield, yield
components, and morphological traits of autotetraploid
lucerne. QTL were identified in this winter-active germplasm,
which had both positive and negative effects on yield, yield
components, and morphological traits. Very few agronomic
traits have been genetically mapped in autotetraploid lucerne.
Brouwer et al. (2000) have identified QTL for winter
hardiness, fall growth, and freezing injury in tetraploid
lucerne. Obert et al. (2000) found AFLP markers associated
with quantitatively expressed resistance to downy mildew in
tetraploid lucerne, without generating a linkage map. Bouton
(2004) outlines work being undertaken, but not yet published,
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Fig. 2. A tetraploid lucerne (Medicago sativa) coupling phase linkage map generated from the backcross population (D × W116) × D using random
amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), and simple sequence repeat (SSR) markers. Bands present
in D only and bands present in D and WA401 (F1 individual) are mapped. Vertical bars represent the 8 linkage groups. Horizontal lines show marker
positions. Genetic distances (cM) are located to the left of the linkage groups and locus names are listed to the right.

to identify QTL and genes for yield in lucerne by a number
of workers. The work presented here is the first world report
of the identification of QTL for yield, yield components,
and morphological traits in a winter-active, autotetraploid
backcross population of lucerne.

Yield is one of the most important agronomic traits
for forage crops (Riday and Brummer 2002). A strong
positive correlation was evident between total yield, yield
from individual harvests, stem length, tiller number, leaf and
stem yield/plant, and leaf and stem yield/5 stems. This was
reflected in the QTL identified on linkage groups 2, 4, and 8
from the D map (Fig. 2), which were consistently identified
for each of these traits and they had positive additive effects
contributing to increased yield. The QTL detected on linkage
group 2 had a major effect on all the yield traits and explained
a large amount of the phenotypic variation. This QTL has
a similar effect to the major QTL identified in maize Tb1
(Lukens 1999). These results strongly indicate that rather
than selecting only for yield per se, we can also select for
yield components that are good predictors of increased yield.
Such desirable agronomic traits identified in our winter-active
population include stem length and tiller number. Volenec
et al. (1987) described lucerne forage yield as the product of

3 components: plant density, tiller number, and shoot mass.
Katepa-Mupondwa et al. (2002) also determined that stem
length and stem yield were important determinants of dry
matter yield in lucerne. It might have been anticipated that in
more winter-dormant material, such as that used by Volenec
et al. (1987) and Katepa-Mupondwa et al. (2002), the yield
components we identified may not have been such good
predictors of overall yield. Riday and Brummer (2002) also
identified height and growth habit as important indicators of
lucerne yield potential in winter-dormant germplasm, with
an erect growth habit and taller height leading to increased
overall yield. Burton (1937) examined the progeny of a
cross between M. falcata and hairy Peruvian M. sativa
genotypes. He found that height and leaf shape of the
M. sativa × M. falcata crosses were correlated with yield
under field conditions. The issue of the utility of various yield
components as predictors of overall yield in dormant and non-
dormant lucernes could perhaps be resolved experimentally,
by conducting a similar experiment to the one described
here, on a diallel of 2 non-dormant parents and 2 dormant
parents, and testing the diallel populations in temperate and
subtropical environments. The difference in height between
D and W116 remained proportional for the 2 assessments
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Table 5. Markers linked to quantitative trait loci (QTL) for yield, yield components and morphological traits derived from clone D as
identified in the backcross population (D × W116) × D

Trait Group Locus % Total P Additive Trait Group Locus % Total P Additive
variation effects variation effects

Total yield Unlinked AR1-2 7 0.00530 25.65 Harvest 6 2 AC/TT8 8 0.00528 15.61
Unlinked AC/AGG7 12 0.00062 33.66 Stem length 1 Unlinked AC/TG14 10 0.00710 3.43

2 AC/TG18 9 0.00175 29.57 Unlinked AR1-2 10 0.00080 3.18
2 AC/TG16 8 0.00531 32.07 Unlinked CC/TT14 7 0.00584 2.64
2 AC/TT8 18 0.00001 44.30 Unlinked AC/AGG7 13 0.00038 3.58
2 CG/CT11 15 0.00002 39.63 2 AC/TG16 20 0.00001 5.25
2 GC/TG11 6 0.00809 24.51 2 AC/TT8 23 0.00000 5.14
4 CA/CG8 8 0.00505 31.22 2 CG/CT11 21 0.00000 4.76
8 X3-2 7 0.00497 25.28 2 GC/TG11 13 0.00011 3.64

Harvest 1 Unlinked Z15-3 8 0.00307 −2.55 7 CG/CG14 10 0.00112 4.45
Unlinked AR1-2 7 0.00497 2.13 8 AC/TG19 9 0.00113 3.06

2 AC/TG16 7 0.00683 2.54 8 AFct11-1 9 0.00127 3.02
2 AC/TT8 16 0.00003 3.37 8 X3-2 11 0.00031 3.32
2 CG/CT11 16 0.00001 3.37 Stem length 2 2 AC/TG18 8 0.00421 2.92
2 CA/TG8 6 0.00972 1.99 2 AC/TT8 12 0.00040 3.96
2 GC/TG11 9 0.00114 2.46 2 CG/CT11 13 0.00014 3.96
5 CG/CT4 8 0.00426 2.71 2 CA/TG8 8 0.00287 3.14
8 X3-2 7 0.00399 2.14 2 GC/TG11 7 0.00501 2.87

Harvest 2 Unlinked Z15-3 7 0.00482 −20.02 4 CC/TC5 12 0.00036 5.10
Unlinked AR1-2 10 0.00084 2.09 5 CC/CAA2 8 0.00517 4.01
Unlinked AC/AGG7 17 0.00002 2.82 8 X3-2 6 0.00687 2.72

2 AC/TG18 7 0.00568 1.74 Tiller No. 2 Unlinked Z15-3 8 0.00224 −5.17
2 AC/TG16 12 0.00054 2.68 2 AC/TG16 8 0.00387 5.25
2 AC/TT8 24 0.00000 3.51 2 CG/CT11 6 0.00884 4.06
2 CG/CT11 22 0.00000 3.22 Leaf shape 3 U9-2 7 0.00551 −0.30
2 CA/TG8 7 0.00490 1.82 Leaf yield/plant Unlinked AR1-2 12 0.00024 2.66
2 GC/TG11 13 0.00012 2.40 Unlinked AC/AGG7 11 0.00101 2.59
7 CG/CAA1 7 0.00503 2.12 2 AC/TG18 9 0.00145 2.40
8 X3-2 12 0.00018 2.29 2 AC/TG16 10 0.00156 2.91

Harvest 3 Unlinked AR1-2 15 0.00002 5.60 2 AC/TT8 26 0.00000 4.20
Unlinked AC/AGG7 15 0.00010 5.62 2 CG/CT11 23 0.00000 3.88

2 AC/TG18 8 0.00344 4.06 2 CA/TG8 12 0.00028 2.73
2 AC/TG16 12 0.00061 5.71 2 GC/TG11 12 0.00020 2.71
2 AC/TT8 26 0.00000 7.86 2 CG/CG16 7 0.00399 2.09
2 CG/CT11 25 0.00000 7.41 4 GC/TG6 6 0.00860 2.39
2 CA/TG8 10 0.00101 4.54 4 CC/TC5 7 0.00850 2.75
2 GC/TG11 13 0.00010 5.20 4 CA/CG8 14 0.00008 3.44
2 CG/CG16 8 0.00274 4.01 8 X3-2 10 0.00045 2.50
4 CA/CG8 10 0.00112 5.31 Stem yield/plant Unlinked Z15-3 6 0.00664 −2.17
7 CG/CAA1 6 0.00934 4.22 Unlinked AR1-2 15 0.00003 2.87
8 AFct11-1 8 0.00291 3.92 Unlinked CC/TT14 6 0.00971 1.81
8 X3-2 12 0.00016 4.93 Unlinked AC/AGG7 11 0.00089 2.47

Harvest 4 Unlinked AR1-2 14 0.00006 5.57 2 AC/TG18 11 0.00068 2.42
Unlinked AC/AGG7 11 0.00087 5.02 2 AC/TG16 13 0.00025 3.12

2 AC/TG18 10 0.00086 4.82 2 AC/TT8 22 0.00000 3.68
2 AC/TG16 13 0.00041 6.15 2 CG/CT11 24 0.00000 3.73
2 AC/TT8 25 0.00000 7.88 2 CA/TG8 10 0.00106 2.35
2 CG/CT11 24 0.00000 7.61 2 GC/TG11 15 0.00003 2.88
2 CA/TG8 11 0.00045 5.07 4 CA/CG8 10 0.00125 2.69
2 GC/TG11 14 0.00007 5.55 8 X3-2 11 0.00025 2.48
2 CG/CG16 6 0.00799 3.72 Leaf yield/5 stems Unlinked AC/AGG7 7 0.00974 0.27
4 CA/CG8 13 0.00022 6.20 2 AC/TT8 19 0.00001 0.47
8 X3-2 12 0.00023 5.04 2 CG/CT11 8 0.00222 0.30

Harvest 5 Unlinked AR1-2 9 0.00105 5.47 2 GC/TG11 10 0.00083 0.32
2 AC/TG18 8 0.00250 5.20 2 CG/CG16 13 0.00009 0.36
2 AC/TG16 7 0.00697 5.75 4 CC/TC5 8 0.00292 0.40
2 AC/TT8 11 0.00055 6.41 4 CA/CG8 13 0.00025 0.41
2 CG/CT11 18 0.00000 7.87 7 CG/CAA14 9 0.00200 0.38
2 CA/TG8 11 0.00039 6.15 Stem yield/5 stems Unlinked Z15-3 10 0.00049 −0.35
2 GC/TG11 8 0.00316 4.97 Unlinked AR1-2 10 0.00061 0.31
4 CA/CG8 9 0.00213 6.24 Unlinked CC/TT14 14 0.00006 0.36
8 X3-2 7 0.00441 4.68 2 AC/TG18 6 0.00937 0.24

(Continued next page)
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Table 5. Continued

Trait Group Locus % Total P Additive Trait Group Locus % Total P Additive
variation effects variation effects

2 AC/TG16 9 0.00321 0.34 4 CA/CG8 10 0.00161 0.34
2 AC/TT8 18 0.00001 0.43 7 CG/CAA14 7 0.00656 0.31
2 CG/CT11 13 0.00008 0.36 Plant habit Unlinked AR1-2 6 0.00715 0.28
2 GC/TG11 17 0.00001 0.40 Unlinked W11-3 7 0.00633 −0.34
2 CG/CG16 10 0.00056 0.30 % Leaf Unlinked CC/TT14 6 0.00862 −2.22
4 CC/TC5 7 0.00618 0.35 3 U3-2 7 0.00701 −2.61

(June and October) of stem length, and both clones were taller
at the October measurement. From this we can infer that the
2 clones had similar levels of winter activity.

The yield QTL we detected were identified from 6 harvests
at Gatton Research Station, in subtropical south-eastern
Queensland. These QTL may be unique indicators, specific
for that location and climate. Yield was assessed in an
artificially low-density population where individual plants
were spaced 0.5 m apart. Therefore the QTL identified
here may not be consistent with QTL important for
forage yield under sward conditions, as it is known that
wide spacing of plants permits greater tiller production
(Berg et al. 2005). Riday and Brummer (2004) have
experimentally demonstrated that yield heterosis expression
in swards was lower than that in space-planted nurseries for
M. sativa × M. falcata hybrids.

We detected QTL for increased yield on linkage groups 2,
4, and 8 of the D map (Fig. 2). The QTL on linkage group 2
was the strongest, accounting for 6–26% of the total variation.
The QTL on linkage group 4 accounted for 8–13% of the total
variation, and on linkage group 8, 7–12% of the variation.
Further saturation of the D map may result in detection of
additional major QTL associated with increased yield and
yield components. A major issue to be resolved is the utility
of these yield and yield component QTL as indicators of high-
yielding genotypes in other genetic backgrounds. Given that
they accounted for such a relatively high component of the
phenotypic variation for yield, the testing in other winter-
active clones would appear to be warranted. We are currently
yield-testing F1 populations derived from 2-clone crosses
of at least 30 elite winter-active clones, which include D
and W116. Work will be done to determine if there is an
association between the presence of these QTL and yield
in these populations. It is acknowledged however, that QTL
markers such as we have identified may not have utility in
allowing the identification of superior parental clones of
a synthetic variety. This is because synthetic varieties are
advanced for 2–3 generations by open pollination beyond the
parental generation (Syn 0) (Fehr 1993). The QTL would
have to be tracked through each of these generations to
establish if they had a role in influencing yield of the
final synthetic.

Detecting QTL for yield and yield components has
provided a valuable set of markers having potential for

breeders to use in the selection of improved lucerne
genotypes. Markers linked to these QTL could be used
directly to incorporate positive alleles and eliminate negative
alleles of the yield components. The use of DNA markers
in selection would allow the identification of potentially
superior clones and the elimination of undesirable ones
in early stages of a lucerne breeding program aimed at
developing improved synthetics. Markers linked to some of
the QTL we have identified are undergoing further study in
validation and marker-assisted selection projects.
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