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ABSTRACT
Despite the importance of forage quality to animal performance, barley forage quality
has not been used as a selection criterion in barley breeding programs. Our objectives were
to: (1) evaluate Steptoe x Morex doubled haploid (DH) and Lewis and Karl recombinant
inbred line (RIL) populations for forage quality characteristics; (2) identify QTL for forage
quality characteristics; and (3) determine if variation in forage quality characteristics among
barley lines is heritable. The 145 DH lines were grown in in 1999 and 2001 under irrigated
conditions in Bozeman, MT while 146 RIL lines were grown in 1999 and 2000 under
dryland conditions in 2 replications of a randomized complete block design. The
experimental unit was entry within block. Forage samples were collected at plant anthesis
and at peak forage yield. A 0.15 m clip sample of 1 row was cut at stubble height and dried
at 60°C for 48 h. Forage samples were ground to pass a 5-mm screen. In situ DM
digestibility (ISDMD) at 48 h was determined. A sub-sample of each line was evaluated for
NDF, ADF, N, and NO3-N. At peak forage yield for DH lines, NO3-N was negatively
correlated to ISDMD (r = -0.52, P < 0.001). At anthesis, this relationship was weak (r = 0.17,
P < 0.001). At peak forage yield for DH lines, the QTL for NO3-N was located at markers on
a different region of chromosome 2H than QTL for N and non-NO3-N and this indicates that
NO3-N could be selected for independently of other nitrogen components. In the RIL
experiment QTL models explained about 41%, of the variation in NO3-N concentration
found at locations on chromosomes 3H and 6H. In the DH trial, NDF, N, non-NO3-N, and
ISDMD were highly heritable; ADF was moderately heritable; and DM yield, DM, and NO3N were lowly heritable at anthesis. In the RIL experiment, moderate levels of heritability
were seen for NO3-N and ISDMD at the peak forage yield stage of maturity (h2 = 52 and
55%, respectively). This research has provided the identification and mapping of QTL for
barley forage quality and will allow deployment of genes for improved forage quality via
marker-assisted selection.
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CHAPTER 1
LITERATURE REVIEW
Genetic Improvement For Quality Traits In Forages
Our ultimate goal is to improve forage quality of forage barley without sacrificing
agronomic quality.

Improving forage quality for livestock usually does not help plant

survival (Vogel and Sleper, 1994). On the contrary, reducing anti-nutritional factors can
reduce a plant’s ability to ward off disease and insect damage. Plant breeders are changing
the genes that the plant has evolved with over its history and making them more suited to
agricultural purposes. Improving digestibility of forages will in turn improve animal
performance.
Forage crops have a tremendous amount of genetic variability for forage quality
characteristics (Casler, 2001). Variability is important because different phenotypic
expression allows us to select for the more desirable plants. Breeding programs use lab
procedures to get an estimate of nutritional value because measuring performance in vivo is
very expensive. These procedures or traits have been shown to be heritable and can be used
in breeding programs to improve quality. These traits are complex, controlled by many
pathways, enzymes and metabolic processes. One trait can affect other traits. Most traits are
considered to be under multi-gene control and have been treated as quantitative genetic traits.
Improvement Through Traditional Plant Breeding
In vitro dry matter digestibility (IVDMD) is an example of a quantitative trait popular
among forage breeders as a selection criterion. Casler and Vogel (1999) stated that the
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publication of Tilley and Terry (1963) was the most important single event in the history of
forage grass breeding. Genetic variation for IVDMD has been evaluated in 17 different
species (Buxton and Casler, 1993). Some of these include smooth bromegrass (Bromus
inermis (L.)), orchardgrass (Dactylis glomerata L.), tall fescue (Festuca arundinacea), and
alfalfa (Medicago sativa L.). Genetic progress for improvement of IVDMD has also occurred
in numerous grass species.

Orchardgrass, smooth bromegrass, switchgrass (Panicum

virgatum L.,), bermudagrass (Cynodon dactylon (L.), and alfalfa have all shown
improvements in IVDMD.
Orchardgrass is perennial, cool-season, irregular sodding forage grass that spreads by
tillering. Rind and Carlson (1988) evaluated responses to selection for high and low IVDMD
in orchardgrass. In this study, the high line orchardgrass had higher IVDMD but lower yield,
later maturity and had shorter and wider leaves than the low line.
Smooth bromegrass is a cool-season, perennial forage that is commonly grown in
Montana. Ehlke et al. (1986) examined the effects of bidirectional selection for IVDMD and
determined correlated responses for cell wall constituents based on selection for IVDMD.
Synthetic B8 line was subjected to 1 cycle of divergent phenotypic selection for IVDMD. A
B8 high IVDMD line and a B8 low IVDMD line were created. These authors found
consistent season-long improvements in IVDMD at both the vegetative and reproductive
stages of maturity in the B8 high line. Additionally, they determined that improvements in
IVDMD were mainly the result of reduced ADL. Casler and Carpenter (1989) investigated
leaf and stem morphology and composition in the same smooth bromegrass parents and
progeny as Ehlke et al. (1986). There was a tendency for high IVDMD genotypes to have
larger and heavier leaves but fewer leaves. In the B8 high line, stem IVDMD increased. This
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was mainly due to reduced cellulose and lignin, and increased hemicellulose. They also
stated that IVDMD could be improved by genetic alterations of cell wall composition
without reducing total cell wall content. This would be advantageous because changes could
be made to the lignin content of the cell wall (i.e., decrease lignin and increase pectin)
thereby increasing digestibility. Carpenter and Casler (1990) wanted to determine if
phenotypic selection for increased nutritional value was possible without depressing dry
matter yield. They found when nutritive value was improved, yield was unchanged. These
authors suggested that improving forage quality in smooth bromegrass is possible without
significant decreases in yield.
A successful breeding effort for IVDMD and yield has occurred in bermudagrass
(Vogel and Sleper, 1994). Yield for ‘Coastcross-1’ was similar to traditional ‘Coastal’
bermudagrass but up to 30% greater average daily gain (ADG) was seen for Coastcross-1
when compared to Coastal (0.63 vs. 0.44 kg, respectively; Chapman et al., 1972). The release
of hybrid bermudagrass demonstrated that is possible to achieve improvements in both yield
and digestibility. There have been a number of hybrid bermudagrass releases including
Coastal, ‘Tifton 44’, ‘Tifton 68’ and ‘Tifton 78’ (Burton and Monson, 1984; Burton and
Monson, 1988). Vogel and Sleper (1994) indicated that improvements in digestibility and
yield were accomplished by direct selection of both traits.
One of the most interesting examples of plant breeding came from the development
of ‘Tifton 85’ bermudagrass. Dr. Glenn Burton and a group of entomologists wanted to
develop a laboratory procedure that used fall armyworm growth rate as an index for
determining forage quality of bermudagrass genotypes (Burton, 2001).

First they screened

441 accessions for resistance to fall armyworm. They identified 2 resistant lines, ‘Tifton
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292’ and ‘Tifton 296’.

In addition, they determined that Tifton 68 allowed maximum

armyworm growth. They crossed 2 extremes; Tifton 68 with Tifton 292. F1 hybrids were
subjected to a 3-year yield trial. Selection 13 was the best choice and was ultimately released
as ‘Tifton 85’. In an additional 3 year steer grazing trial, ADG was not different between
Tifton 85 and Tifton 78 (Hill et al., 1993). However, body weight gain per hectare was 46%
higher for Tifton 85 when compared to Tifton 78 (Hill et al., 1993).
Switchgrass is a warm-season, cross-pollinating perennial grass used for pastures in
the U.S. Vogel et al. (1981) determined that divergent phenotypic selection for IVDMD
could be used to improve forage quality in switchgrass. In 1 cycle of selection, the authors
improved IVDMD without decreases in yield or CP. Additionally, they found over their 3year study period the switchgrass strains with the highest and lowest IVDMD were 5.8
percentage units apart when harvested at heading.
In alfalfa, the primary breeding method is recurrent selection. This method involves
choosing parents that are crossed to produce a synthetic variety. In a study by Shenk and
Elliott (1970) alfalfa was subjected to 2 cycles of bi-directional selection for improved
nutritive value.

These authors found a negative correlation between yield and 6-hour

IVDMD, although the trend was not great. However, the progeny of the first and second
cycle generated from clones with high 6-hour IVDMD were higher in yield when compared
to the low line population. The authors suggested that higher quality and yield can be
preserved. Thomas et al. (1968) utilized high and low IVDMD synthetics of first cycle clones
from the above study to feed to sheep. They found greater intake and DMD of the high when
compared to the low synthetic line.
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In general, genetic gains in IVDMD have ranged from 1.0 to 4.7% per year and
IVDMD heritability was found to be 30% or larger (Vogel and Sleper, 1994). These authors
also reported that in general for every 1% improvement in IVDMD there was a 3.2% increase
in average daily gain (Y = 5.0 + 3.24X; R2 = 0.71, P < 0.01). Ten grass cultivars were used
to form this relationship.

These included species such as bermudagrass (3 varieties),

switchgrass, wheatgrass (Elytrigia intermedia), smooth brome (2 varieties), ryegrass (Lolium
perenne L.; 2 varieties), and orchardgrass. Improvements made in IVDMD were repeatable
across a wide range of environments and management systems (Casler and Vogel, 1999).
Improvement Through Natural Mutation
The brown-midrib (bmr) trait is an example of a natural mutation that changes cellwalls to make them more susceptible to ruminal degradation. Brown-midrib mutations in the
homozygous recessive state resulted in reduced lignification, reduced cell-wall concentration,
increased digestibility and increased intake of feed by ruminants (Casler et al., 2003).
The bmr characteristics include a reddish brown pigmentation of the leaf midrib and
stalk pith (Barriere et al., 2003a). The bmr phenotype has been noted in maize (Z. mays),
sorghum (Sorghum sp.), and millet (Panicum miliaceum L.; Cherney et al., 1991). All of
these crops are diploid C4 plants belonging to the Panicoideae subfamily in the Poaceae
(grass) family (Barriere et al., 2004). There are 4 bmr genes in maize: bm1 (identified in the
year 1924), bm2 (identified in the year 1932), bm3 (identified in the year 1935), and bm4
(identified in the year 1947). The genes are a natural mutation and segregate as simple
Mendelian recessive trait (Barriere et al., 2004).
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In sorghum and millet, bmr mutations are chemically-induced (Porter et al., 1978;
Cherney et al., 1988). In a study with sorghum, Porter et al. (1978) induced the bmr trait and
found reduced stem lignin and increased IVDMD and in vitro cell wall content
disappearance. Similarly, Cherney et al. (1988) induced bmr mutant in pearl millet and
found that bmr mutation produced 25% lower lignin content and 9% greater IVDMD. These
authors concluded that the bmr trait had excellent potential for improving the quality of
forage pearl millet.
In a recent publication, Casler et al. (2003) quantified the increase in forage quality
and decrease in forage yield associated with the bmr trait in sudangrass. Additionally, they
determined if selection for yield and vigor could overcome the negative association between
yield and quality. Ultimately, they wanted to provide an economic assessment of this
negative association. Agronomic data that was collected included ground cover, tiller
number, plant height, and yield. Predicted milk production per unit land area (calculation
using MILK95 spreadsheet; available at www.uwex.edu/ces/forage) and economic return
analysis were also provided. Quality analyses (neutral detergent fiber; NDF, acid detergent
fiber; ADF, acid detergent lignin; ADL, in vitro digestibility of NDF fraction; NDFD) was
provided via NIRS technology. Calibration equations were developed using 36 samples.
Experiments were performed in 2 locations in 1997, repeated in 1998, and sampled over 2
harvests. Brown-midrib lines were 9% lower in lignin content and 7% higher in in vitro fiber
digestibility when compared to normal lines. These differences were stable across the 2
locations, years, harvests, and generations. However, bmr lines had reduced yield when
compared the normal sudangrass phenotype, especially at second harvest. These authors
noted that brown-midrib lines had reduced tillering and were shorter in stature and stated that
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these were likely reasons why yield was lower. When feeding economics (predicted net
returns) were analyzed, first-harvest returns of brown-midrib lines were similar compared to
normal lines. Second-harvest returns were decreased when compared to normal lines, due to
severe yield reductions. They concluded that brown-midrib phenotypes in sudangrass could
produce positive economic returns compared to normal types.
Improvement in feeding performance for cattle has mostly been noted with the
brown-midrib3 (bm3) mutant in corn (Lechtenberg et al., 1972; Barriere et al., 2003a). In
one of the first studies using bm3, Colenbrander et al. (1972) compared a commercial corn
hybrid and bm3 line silage for forage value. Apparent digestibility of cell wall components
(CWC), ADF and cellulose were greater for bm3 when compared to the commercial hybrid.
Average daily gain, feed efficiency and intake of digestible CWC were improved with the
bm3 silage. Lechtenberg et al. (1972) found that bm3 mutant lines had 5% ADL while other
brown-midrib mutant and normal lines were found to contain approximately 8 – 9%.
Additionally, IVDMD was greater for bm3 lines when compared to other bmr lines (56 vs.
avg. 48%). The improvements in feeding value associated with the brown midrib trait have
negative effects on yield (Lee and Brewbaker, 1984). Brown-midrib mutant lines yielded
20% less grain and 17% less stover than normal hybrid lines. There have been isolated
breeding efforts to create bm3 hybrid lines because of their suitability for dairy rations and
backgrounding rations (Tjardes et al., 2000; Barriere et al., 2003b; Karsten et al., 2003). In
growing steer rations, bm3 corn silage resulted in increased intake and improved digestibility
but no difference in performance, when compared to the isogeneic control ration (Tjardes et
al., 2000). Brown midrib-3 lines may always have the stigma of poor yield and problems
with lodging despite drastic improvements in feeding quality (Barriere et al., 2003a).
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Not only does the bmr characteristic provide breeders with a source of germplasm
with improved forage quality it also provides insight into understanding ligninification. The
bmr mutation modifies enzymes (deletion or insertion of genes) in the lignin biosynthetic
pathway, reducing lignin and finally improving forage quality and animal performance (He et
al., 2003).
Improvement Through Modern Plant Breeding Techniques
With the exception of maize, very little research has been conducted in annual forages
for improvement in digestibility. In a review of maize forage research, Barriere et al. (2003a)
indicated that lignin is the cell wall component resistant to microbial fermentation. Lignin is
important to cell wall structure, variable in structure and embedded and bound to other types
of fiber such as cellulose. Lignin can have a negative impact on carbohydrate fermentation
by microbes in the rumen.

Barriere and co-authors (2003a) also stated that cell wall

digestibility is the most important target for improving the feeding value of forages.
There have been numerous studies that have characterized the genetic basis and QTL
of important forage maize traits. Krakowsky et al. (2003) mapped QTL for NDF, ADF, and
ADL in the sheath and stalk of maize. Crosses were made from 2 inbred lines. The first
parent contained high levels of CWC while the other parent was noted to contain low levels
of CWC.

These researchers harvested F3 tissues from 2 environmental locations.

Genotyping was conducted using 88 restriction fragment length polymorphisms (RFLP) to
facilitate QTL mapping by composite interval mapping (CIM). They found 10 QTL for
sheath NDF and ADF on chromosomes 1, 3, 4, 7, 8, 9, and 10. These QTL controlled 55 and
62% of the phenotypic variation of sheath NDF and ADF, respectively. Numerous QTL were

9

found for stalk NDF, ADF, and ADL controlling 69, 71, and 62% of the phenotypic
variation. The QTL for NDF were always found within 20 centiMorgans (cM) of the QTL
for ADF. One possible explanation for this could be that ADF is a fraction of NDF. The
authors suggested genetic variation may only exist for 1 component of these analyses (i.e.,
cellulose). That component may affect variation in the other components of NDF and ADF.
The QTL for NDF and ADF were found near candidate genes for carbohydrate metabolism
while the QTL for ADL were found near candidate genes for lignin biosynthesis.
In a series of research papers, Lubberstedt et al. (1997a and 1997b) mapped and
characterized QTL affecting testcross performance of important forage maize traits and
examined their consistency across environments and test populations. A testcross is the cross
of an unknown dominant genotype with a line that is homozygous recessive for that trait.
Two elite (pure breeding, homozygous) flint inbred lines were crossed to generate F2 lines
and then genotyped using 89 RFLP markers. Flint corn (Zea mays indurate) is known as
Indian corn and is used in livestock feed, industrial products and to make processed foods.
Dent or “field” corn (Zea mays indenata) is typically used for the same purposes as the flint
type. Other examples of maize type would be sweet, flour, pop or ornamental. Additionally,
F2 lines were selfed and parents were then crossed to 2 diverse dent inbred test populations.
These crosses were the testers. Test crosses were evaluated in 5 environments. The first
study concentrated on yield components and lines were analyzed for dry matter yield and
concentration, plant height, and starch yield and concentration. Heritability was measured
and it ranged from 0.64 to 0.88 except for starch yield which was lower than the other traits
(0.46 and 0.47). The second study looked at quality components this time analyzing for in
vitro digestible organic matter (IVOMD), ADF, metabolizable energy concentration and
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yield, protein concentration and yield. All the analyses were performed using near infra-red
reflectance spectroscopy (NIRS). Metabolizable energy concentration (MEC) was calculated
using the following equation: MEC = 9.594 – 0.106 ADF + 0.051 IVDOM. Heritability
ranged from 0.24 to 0.69 for quality traits, the lowest being for IVODM and ADF. The QTL
analysis was performed by composite interval mapping. For the yield characteristics,
between 7 and 16 QTL were detected in each testcross. These QTL explained between 52
and 71% of the variation. When the QTL analysis for quality components was examined, it
was found that only crude protein concentration and yield had consistent QTL (across
experiments and across tester populations) that explained between 48 and 84% of the
variation. Other quality traits were found to have inconsistent QTL across testcross series.
Overall, the authors found good agreement across testers for dry matter concentration and
plant height but not for other traits such as dry matter yield and in vitro digestibility. This
suggests that for important forage traits such as IVDOM, ADF, MEC, and metabolizable
energy yield researchers should plan to do separate QTL mapping for each tester.
An addition publication, Lubberstedt et al. (1998), examined the consistency of QTL
of some of these same forage traits across other populations of elite inbred flint maize lines.
The goal was to identify important genomic regions in any population based on QTL
detection in another population. Four independent populations (AxBv, AxBc, AxC, and CxD)
from 4 elite flint lines (A, B, C, D) were produced. All lines in these populations were
testcrossed to the same dent inbred tester and evaluated in 5 environments. The consistency
of QTL position was greater for starch concentration than for yield and digestibility. This
poor consistency among crosses within the flint heterotic pool suggested that QTL mapping
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should be performed separately for each population. Mapping each population separately
adds considerable time and cost to modern breeding methods.
Mechin et al. (2001) noted that the relationship between digestibility and agronomic
traits such as lodging and yield are poorly understood. The objectives were to determine the
genetic basis of traits relating to agronomic and feed value in silage maize. One hundred
recombinant inbred lines (RIL) from a cross between 2 elite inbred lines derived from flint
and dent populations were utilized. The 2 parent lines belong to different heterotic pools and
differ in agronomic characteristics but not in cell wall digestibility and lignin content.
Additionally, the 100 RIL were crossed to an inbred test cross line. The purpose was to
evaluate the possibility of simultaneously improving quality-related and agronomic traits and
whether or not quality traits measured in the RIL population would be useful in predicting
hybrid performance (testcross). Quality estimations were conducted for 6 traits including
starch concentration, soluble carbohydrate, crude protein concentration, NDF, ADL, and
IVDMD and predicted using NIRS. Cell wall digestibility (CWD) was estimated 2 ways: in
vitro digestibility of non-starch and non-CHO (IVDNSC) and in vitro cell wall digestibility
(IVNDFD). Calibration equations were built with 40 samples. The linkage map consisted of
152 RFLP markers and CIM was used for QTL detection. Cell wall digestibility using
IVNDFD and IVDNSC were the traits with the highest number of QTL whereas only 1 QTL
was detected for IVDMD. There was good consistency for cell wall digestibility traits
between RIL and testcrosses for QTL detection but not for most agronomic traits.
Cardinal et al. (2003) stated that digestion of cell walls is limited by the presence of
lignin, therefore improving the digestibility of forages by reducing lignin content is a major
goal in forage crop breeding programs. The objectives of Cardinal et al. (2003) were: (1) to
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map and estimate the effects of QTL that affect cell-wall components in the leaf-sheath and
stalk of a maize RIL population; and (2) to compare results of leaf-sheath and stalk QTL
analysis. The CWC measured were NDF, ADF, and ADL. Two-hundred RIL and their
parents were utilized in a field trial. The RIL were grown in 2 locations and repeated 2
consecutive years. A proportion of the samples were used to develop NIRS prediction
equations. Approximately 5% of samples of each group were chosen for each calibration
equation where each tissue type (leaf-sheath vs. stalk), rep, and year was kept separate.
Composite interval mapping was used for the QTL analysis. Heritabilities were found to be
moderate to high for all traits for both tissue types, suggesting the phenotypic selection for
decreased CWC should be effective.

The CWC traits (NDF, ADF, and ADL) were

correlated to one another, therefore selection for 1 fiber trait is expected to result in a
correlated response in the other fiber traits. A high proportion of QTL detected for NDF and
ADF had the same parental effects and genomic locations. The authors suggested that
selecting for only 1 of the 2 fiber components should be necessary to improve digestibility.
This would eliminate a lot of laboratory analysis.
The brown midrib trait, as discussed in the previous section, has helped scientists to
understand ligninification. Vignols et al. (1995) established that bm3 mutants in maize
appear to have reduced caffeic acid O-methyltransferase (OMT), an enzyme which is
involved in lignin biosynthesis. Examining altered ligninification in a natural mutation gives
researchers different approaches to reduce lignin content. Piquemal et al. (2002) developed
transgenic maize aimed at modifying lignin content and composition. An “antisense strategy”
was used which involves disabling a piece of genetic code by using an opposite or
complementary piece of code. These pieces attract and cancel each other out. One line was
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found that had reduced OMT activity and it retained the transgene to its progeny. The
modification in OMT enzyme activity was similar to that found in bm3 mutants however it
was less severe. He et al. (2003), using the antisense strategy, reduced lignin content by
downregulation of OMT in maize. The OMT activity was lower in the transgenics compared
to the controls.

Additionally, whole-plant digestibility of transgenics was increased in

transgenics by 72 to 76%. Dry matter yield was not different between the transgenic and
control lines. Genetic engineering technologies have allowed researchers to reduce lignin
while leaving yield unaffected. Decreased yield is the major problem with bm3 lines and the
main reason why they do not have commercial acceptance.
Barley As A Plant Genetic Model
Barley is an important crop to American agriculture. Barley is also an excellent plant
model to study the genetics of forage quality for a number of reasons (Forster et al., 2000).
First, it is an annual with a short life cycle. It is diploid with 7 pairs of chromosomes and
approximately 5 billion base pairs of highly repetitive DNA. Barley is a self-pollinating crop
species.

These characteristics allow for rapid generational advancement and ease of

hybridization. Barley exhibits wide diversity in physiology, morphology, and genetics which
is important for genetic and breeding progress. Lastly, there is a wide range of genetic stocks
available and well-defined genetic mapping populations.
Taxonomy
Barley is an annual or perennial bunch grass that belongs to the genus Hordeum.
Hordeum is primarily recognized for its 1 flower spikelet (Bothmer and Jacobsen, 1985).
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There are 31 Hordeum species in which 1 is the cultivated annual barley we know as
Hordeum vulgare (Nilan and Ullrich, 1993). About three-quarters of the Hordeum species
are perennial (Bothmer and Jacobsen, 1985). Cultivated barley exhibits a resemblance to
wild genotypes Hordeum spontaneum. H. spontaneum can be classified as Hordeum vulgare
(L.) subsp. spontaneous and is capable of being crossed with cultivated barley. These wild
barleys are annual, have brittle rachis (main stem of an inflorescence), are 2 rowed, diploid
(2n=14); other wild species may be tetraploid or hexaploid, and self-pollinating. Hordeum
vulgare (L.) subsp. Vulgare, or the cultivated species, are both 2 and 6 rowed, diploid
(2n=14), and have nonbrittle rachises.
Adaptation
Barley has a broad range of ecological adaptation when compared to other cereal
grains, such as wheat or corn (Poehlman, 1985). It can be cultivated at high elevations, far
northern latitudes, below sea level, and even near deserts. In areas where both wheat and
barley can be grown, production is usually determined by end use (food vs. feed or malt).
Barley grows best in cool and moderately dry climates. It is cultivated in the spring
and summer months at temperate latitudes and in the tropics at high elevations, and in the
winter at tropical and semitropical latitudes at low and medium elevations (Nilan and Ullrich,
1993). Barley generally is considered cold tolerant and of all small grains is the most
drought, alkali, and salt tolerant. However, it does not grow well in acid and wet soil
conditions.
Annual barley can be winter or spring growth habit. Winter barley requires cold
exposure to flower and is planted in the fall. In addition, winter barley can have multiple
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stems from a single plant. However, winter barley is not as winter hardy as winter wheat.
Spring barley is characterized by having fewer tillers and does not require exposure to cold
temperatures to develop.
Morphological Characteristics
The barley plant consists of the roots, both primary and secondary; the stem,
cylindrical with hollow internodes and from 5 – 7 solid nodes; leaves born alternately on
opposite sides of the stem and arising at each node; and the spike or head (Reid, 1985).
The stem of barley is round and hollow with solid nodes or joints. The number of
stems is variety and environmentally dependent (Reid, 1985). Stem length can range from 7
cm in dwarf types to 150 cm, but is also dependent on genetics and environment.
Barley leaves arise as a semicircular ridge around the apical growing point,
alternating upwards on opposite side of the stem (Reid, 1985). Two-rowed barley plants
have narrower leaves than 6-rowed varieties. Barley leaves can be waxy or glossy. Many
forage-type barley cultivars are particularly leafy thus increasing total forage yield when
compared to standard grain varieties.
The spike or head of a barley plant is situated on the top of the stem. Three spikelets
alternate on opposite sides at each node of the flat rachis of the spike of the barley plant
(Reid, 1985). At each node a triplet spikelet (central and 2 lateral) is formed. The spikelet is
subtended by 2 glumes that are placed together at the abaxial side. The glume, if hairy, may
be rough or barbed, semi-smooth or smooth. A 6-rowed barley has all 3 spikelets fertile. A
2-rowed barley has only the central spikelet fertile. Barley heads may be erect, may nod, or
be somewhere in between. Spike length is genetically and environmentally determined.
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The barley kernel consists of many important structures. The kernel is composed of
caryopsis, lemma, and palea. The caryopsis consists of the pericarp, integuments, aleurone
layer, endosperm, and embryo. The hull (lemma and palea) adheres to the caryopsis. The
lemma usually ends in an awn. Awns can be barbed similarly to that of glumes. These
features make standard grain varieties less desirable to use as forage barley because their
awns can cause irritation of an animal’s mouth. Awns vary in length from 1 cm or shorter to
as much as 30 cm; or, instead of an awn the lemma may terminate in a 3 lobed appendage
known as a hood (Reid, 1985). Grain kernels from 2- vs. 6-rowed cultivars can be easily
distinguished. In 2-rowed barley, the kernels appear to be uniform in size, width and shape.
In 6-rowed barley, one-third of the kernels are similar to a 2-rowed type and two-thirds are
twisted and smaller. Twisted kernels come from the lateral rows on the head.
Genetic Mapping Populations In Barley
The Steptoe x Morex DH Population Many researchers came together to work on a
barley breeding project and formed the North American Barley Genome Mapping Project
(NABGMP; Kleinhofs et al., 1993; Hayes et al., 1993). The Steptoe x Morex doubled
haploid (DH) population was the first product of their work. These doubled haploid lines
represent the 2 major spring 6 row barley germplasm groups. Additionally, the parents were
chosen because they differ for many characteristics associated with agronomic performance
and grain quality. ‘Steptoe’ is a high yielding 6-rowed feed type cultivar (Muir and Nilan,
1973). However, Steptoe has been noted to have poor feed quality (Ovenell-Roy et al.,
1998). ‘Morex’ is a 6-rowed malting cultivar and is the American Malting Barley
Association standard malting variety (Rasmusson and Wilcoxson, 1979). The population
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consists of 150 DH lines produced via the H. bulbosum method. As described by Chen and
Hayes (1989), this method crosses barley with H. bulbosum. Following fertilization, the H.
bulbosum chromosomes fail to replicate and a haploid embryo is left.

The embryo is

collected and grown in an artificial medium until germination. Embryos are treated with
colchicine to inhibit mitotic spindle formation. Chromosome doubling occurs and diploid
tillers occur. Each chromosome is a perfect copy of its sister. Plants are normal and
completely homozygous at all loci. In a self-pollinating species such as barley, each
individual produced there after will retain the genotype of its parent.
The Steptoe x Morex model population has been used for extensive genotyping and
phenotyping with approximately 26 publications resulting from research.

Most of the

publications dealt with agronomic, malting, disease resistance and environmental adaptation.
In 1993, Kleinhofs et al. published a molecular, isozyme and morphological marker map of
the barley genome developed in the Steptoe x Morex population. There were a total of 295
loci on the map that covered 1,250 cM. The authors created the base map that most
researchers utilizing the Steptoe x Morex DH population use today. Researchers then began
to study specific traits. Han et al. (1997) and Larson et al. (1996) examined malt quality and
agronomic traits. Oberthur et al. (1995b) evaluated for seed dormancy. These authors were
able to locate quantative trait loci (QTL) contributing to the variation controlling these traits.
Most recently, Abdel-Haleem et al. (2005) evaluated the genetic variation in feed
quality characteristics, and mapped QTL affecting grain ADF, grain starch, cracked grain
particle size, cracked grain ISDMD at 3 hours, and estimated interactions between detected
QTL. The research determined that QTL models explained about 44 and 26% of the total
variation in ADF and starch, respectively. Several major QTL were detected for ADF, on
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Chromosomes 2 and 6. Other researchers have detected QTL for grain ADF in the same
population (Han et al., 2003). However, they noted that their QTL explained a greater
amount of variation when compared to QTL detected by Abdel-Haleem and co-workers
(2005). Possible explanations provided by the authors included differences in growing
environment and QTL detection software. Han et al. (2003) grew barley in 3 locations over 2
years whereas Abdel-Haleem et al. (2005) grew the barley for their experiment in 1992 and
again in 2000 in the same location. Environment plays a tremendous role in the phenotypic
expression of traits such as feeding quality. Han and others (2003) used Mapmaker/QTL
while Abdel-Haleem and others (2005) utilized the QTL Cartographer software.
Chromosomes 1H, 2H, 3H, and 6H were found to have QTL for ISDMD and explained about
47% of the variation for this trait. Particle size and DMD shared 1 QTL and Abdel-Haleem et
al. (2005) suggested that particle size variation may explain variation in ISDMD as there was
a positive association between these traits. Although numerous QTL were detected, these
authors suggested that gain through marker-assisted selection (MAS) in populations such as
the Steptoe x Morex DH would be limited. The Steptoe x Morex population was never
developed with the intention of isolating and advancing barley lines for release to the public.
Montana State University is investigating the variation in feed quality and using MAS
for the development of barley varieties with improved economic value by increasing and
enhanced feed and malt quality. During the selection process, experimental lines are screened
for feed quality characteristics (DM, ADF, starch content, ISDMD at 3 h and particle size
after dry rolling) and feedlot performance. Further more, MSU has developed prediction
equations for potential varietal performance to evaluate early generations. By screening
early generations, selections can be made to avoid costly laboratory analysis and animal
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experiments. The MSU barley breeding program represents the sole effort in North American
to incorporate selection for improved barley grain feeding quality.
The Lewis x Karl RIL Population The Lewis x Karl recombinant inbred line (RIL)
population was developed by Dr. Tom Blake and collaborators at Montana State University
(See et al., 2002). The population was developed for the purpose of mapping the genes
responsible for protein traits unique to ‘Karl’ through QTL analysis.
The parents in the cross are ‘Lewis’ (Hockett et al., 1985) and Karl (Wesenberg et al.,
1976). Lewis, a 2-rowed cultivar, is commonly grown in Montana. Karl is a 6-rowed
cultivar which produces grain with low stable grain protein. Most barley varieties are highly
responsive to fertilizer and drought stress with respect to grain protein content, however, the
grain barley variety, Karl, has been shown to relatively unresponsive (Burger et al., 1979).
Under many different environmental conditions, Karl produces grain with low stable grain
protein (Weston et al., 1993). It is reasonable to think that grain protein deposition, nitrate
accumulation and assimilation in the whole plant are somehow linked.
See et al. (2002) utilized the Lewis x Karl population to map the location of genes
controlling variation in grain protein concentration to permit the use of MAS. Their hope
was to be able to isolate the gene(s) controlling “low stable protein” characteristics for use in
other 6-rowed populations. The 146 6-rowed members (F5 derived) in the RIL population
were developed by single-seed descent from a simple cross between Karl and Lewis. The 6rowed lines are homozygous recessive (vrsvrs) for the gene controlling head type (i.e., 2rowed vs. 6-rowed). The Lewis x Karl population contained 131 6-rowed and 15 2-rowed
lines (VrsVrs) and were grown at the A. H. Post Agronomy Farm, near Bozeman, MT in
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1997. In 1998, F6 lines were grown. In 1999 and 2000, F7 and F8 were planted in a replicated
field trial in a complete block design. Flowering date, plant height, grain yield and grain
protein concentration were measured.

A 110-point linkage map was constructed using

Mapmaker 3.0 (Lander et al., 1987). See and co-workers (2002) discovered a grain protein
QTL on Chromosome 6 (6H). The marker Hvm74 on the satellite of Chromosome 6 was the
closest marker. This grain protein QTL showed no pleiotropic or linkage interactions with
other genes responsible for traits such as yield, heading date and plant height. Pleiotrophy is
when 1 gene affects more that 1 phenotypic trait. Barley lines with the Karl allele at the
Hvm74 locus were 1.3% lower in grain protein content than the Lewis allele. The Hvm74
QTL accounted for about 40% of the total heritable protein variance. In addition, these
authors found that selection for earliness in heading date, reduced stature, and high grain
yield should be possible while selecting for reduced grain protein content in the Lewis x Karl
RIL population.
Mickelson et al. (2003) completed a study comparing the location of QTL associated
with N uptake, storage and remobilization in flag leaves relative to QTL research performed
by See et al. (2002). For this study F8 and F9 generations were grown in 2000 and 2001.
Flag leaves were collected at anthesis, mid-grain fill and plant maturity, immediately frozen
in liquid N and ground for analysis of Leco protein, nitrate, and amino N. Nitrate analysis
was an enzymatic protocol (The Nitrate Elimination Co., Lake Linden, MI). Narrow-sense
heritability for nitrate was determined and found to be 49, 19 and 13% at anthesis, mid-grain
fill and plant maturity, respectively. Several areas on Chromosome 1 (marker actg 256), 3
(acaa158 and acag135), 4 (HVM40), 6 (actt298) and 7 (acaa270) were found to control
nitrate accumulation. The authors were particularly interested in the marker actt298 on
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Chromosome 6. This marker had several QTL for nitrate accumulation at anthesis, and midgrain fill, and soluble amino N and total leaf N at mid-grain fill. Overlapping markers may
suggest that QTL in this area control leaf N acquisition and accumulation. Mickelson and
co-workers (2003) reported that further investigation of these areas may prove useful in
forage barley breeding programs concentrating on developing low-nitrate cultivars.
Barley Is An Important Crop
Barley is the world’s fourth most important crop behind wheat, corn, and rice.
Montana ranks third in feed and malt barley production behind North Dakota and Idaho
(Montana Agricultural Statistics Service, 2005). Barley is a multi-purpose cereal grain.
Traditionally, barley is used for animal feed or in the malting industry (Poehlman, 1985).
However, barley is expanding its usefulness in human diets. Barley’s largest use is for
animal feed (Poehlman, 1985), and it can be processed as animal feed in many forms. Barley
can be cracked, ground, rolled, steam-flaked, or tempered. Barley is higher in protein than
corn but is lower in energy (NRC, 2000). Protein supplements are one of the more costly
components of a feedlot ration. Feeding barley may reduce diet costs when compared to high
concentrate diets comprised main of corn. Typically, feed efficiency is better and cost of gain
is lower for barley than corn (Boss and Bowman, 1996).
However, there is a common perception that barley is not as “safe” as corn in feedlot
diets. The term “safe” pertains to its rate of digestion. Corn digests more slowly, has lower
risk for acidosis and bloat, and is therefore deemed safer by many feedlot managers. This
perception puts barley at a disadvantage in the grain market. Many feedlots choose corn over
barley because they don’t have to focus on bunk management as closely as they do with
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barley.

Barley has an extremely rapid rate of digestion in the rumen (Ørskov, 1986).

Therefore, without the proper management, there may be an increase risk of acidosis and
bloat when feeding barley.
Forage Barley
In Montana, one barley end-use seeing the most gain in acreage in the last decade is
the “forage-type” feed varieties of barley.

‘Haybet’, ‘Westford’, and ‘Horsford’ are 3

cultivars that are classified as forage-type barley. Haybet is a 2-rowed, hooded, white
kernelled forage barley released by the USDA-ARS and Montana Agricultural Experiment
Station (Hockett et al., 1990). Westford is a 6-rowed, hooded forage barley variety released
by Westbred Inc., Bozeman, MT. Horsford is a very old variety developed 1879-80 in
Vermont by Frederick H. Horsford. It is a 6-rowed, hooded forage variety that is noted to be
less productive than more recent releases. Hay barley production peaked in 2002 in Montana
and these 3 varieties comprised about 15.3% of the state’s acreage (Table 1). From 1995 to
2002 there was almost a 4-fold increase in production of forage barley.

‘Haybet’

experienced the most growth with just over a 6-fold increase in production over the last 10
years. These statistics demonstrate there is a sizeable market in Montana for forage-type
barley varieties especially when you consider producers are still using a 100 year old
cultivar. This demonstrates that there has been very emphasis placed on the development of
forage barley cultivars even though there is niche for forage barley in the current
marketplace.
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Table 1. Percent of seeded acreage 1995 - 2004 for Haybet, Westford and Horsford barley
cultivars (Montana Agricultural Statistics Service, 2005).
Year
Variety

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

Haybet

1.4

1.4

2.1

3.0

4.5

6.5

10.2

10.5

9.9

9.9

Westford

0.5

-

-

-

0.1

1.2

2.7

3.2

2.3

2.3

Horsford

1.2

2.3

1.7

2.1

1.7

2.4

1.3

1.6

1.7

1.2

Total

3.1

3.7

3.8

5.1

6.3

10.1

14.2

15.3

13.9

13.4

In the past several years there have been 3 new forage barley releases in North
American. The first, ‘Washford’ was a joint release between Washington State University
and the University of Idaho in 1997 (Ullrich et al., 2001). Washford is a relative of Horsford.
It is 6 rowed, has a spring growth habit and is hooded. It was developed primarily for hay
production. ‘AC Ranger’ is a 6-rowed spring forage barley developed at the Agriculture and
Agri-Food Canada Research Center in Brandon, Manitoba by Dr. Mario Therrien (Therrien,
2002). However, AC Ranger is an awned variety unlike most forage-type barley. One of the
most recent releases is ‘Hays’ developed by Montana Agricultural Experiment Station in
2003. It is a 2-rowed hooded forage barley derived from a cross between ‘Haybet’ and
‘Baronesse’ barley varieties. Hays is a high yielding line that has excellent forage quality
potential. These 3 new releases all have something in common. They were developed and
released based on their merits in terms of forage and grain yield and agronomic performance
and not forage quality.
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Many factors have contributed to an increase in acreage for forage-type barley.
Many of these acres are used for temporary hay crops. Forage barley is often used as an
emergency crop in times of drought and winter kill. Forage barley has good yield, usually 3
tons per acre or higher.

When compared to establishing a stand of alfalfa forage, barley

establishment has decreased risk. In addition, forage barley has increased ease in handling
such as using it in a swath grazing program. Hay barley typically has decreased input costs.
This may be a function of low grain and calf prices. Ranchers may be backgrounding calves
more and hay barley may be a less expensive feed source.
Forage barley has been shown to be an excellent forage source for livestock feed.
Robison et al. (2001) and Todd et al. (2003) utilized Haybet effectively as the roughage
source in steer backgrounding studies. In both studies, Haybet steers gained 1.24 kg per day.
Hays, the new MSU release, also has performed very well with steers gaining 1.49 kg per
day.
Forage barley is particularly prone to nitrate accumulation, and nitrate toxicity in
animals can result. The Montana State University Extension Service estimated during 2000
to 2002 more than 38% of hay barley samples from Montana counties were considered
“hazardous” for NO3-N levels (Cash et al., 2002). This resulted in the loss of approximately
165,000 tons of hay. Purchasing hay at $75/ton to replace unsafe hay would have cost
livestock producers $12 million.

Selecting new barley varieties based on low NO3-N

potential has obvious social and economic benefits.
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Importance Of Forage Quality
As noted, even today, variety selection in forage barley is based solely upon yield and
other agronomic characteristics. However, forage quality has a direct relationship to animal
performance (Coleman and Moore, 2003). Forage quality measurements are often neglected
or not accessible to the plant breeder. Consequently, most, if not all, forage barley varieties
have not been selected for improved forage quality.
Forage quality can be examined from a number of perspectives. It can be evaluated
subjectively for qualities such as color, leafiness, texture, and odor (Ball et al., 2001).
Although color has almost no relationship to forage quality it is commonly used to visually
assess forages (Pinkerton, 1997). Hay is often highly valued based on its bright green color
and devalued if it is leached or brown in color. Color is more appropriately an indicator of
harvest and storage conditions (Ball et al., 2001). Leafiness can be a good indicator of forage
quality. More leaves results in higher quality forage. This is primarily due to the decrease in
the lignin contribution from the stem fraction. There was a sizeable research effort in alfalfa
to increase in vitro dry matter digestibility (IVDMD) and reduce ADL and acid detergent
fiber (ADF). This resulted in selection of plants that had a higher leaf to stem ratio (Kephart
et al., 1989). Factors such as texture or “softness” are related to leafiness and stage of
maturity the forage was cut. Iwaasa et al. (1996) determined that shearing force was related
to stem diameter, stem weight and stem cell wall chemical composition. These researchers
used the shearing force measurements to assess resistance to particle breakdown during
mastication. Extremely harsh or rough hay may have a negative impact on intake because the
palatability to the animal may be reduced. Odor impact on forage quality is obvious.
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Unpleasant odor indicates poor harvest management and curing. Mold can have a negative
impact on intake (Ball et al., 2001).
The ultimate evaluation of forage quality is animal performance (Coleman and
Moore, 2003). In a review article, these authors discussed assessing feed (forage) quality and
the relationships between feed quality, intake, digestibility, and animal performance. They
discussed the problems with predicting animal performance from intake and digestibility.
Animal variation in terms of preference, stage of production, and genetic potential all
contribute to error of predictions. However, for plant breeders, prediction equations are very
effective in ranking experimental lines where rank is more important than accuracy of intake
predictions.

Estimating intake and digestibility can be costly and time consuming and

require large amounts of feed.
Laboratory procedures that can estimate feed quality can be a cost-effective
alternative to full-scale animal feeding trials. If accurate laboratory testing can be used to
assess forage quality, what indices should be used? The plant’s fiber content is one of the
most important parameters to consider.

Structural carbohydrates, such as cellulose,

hemicellulose, and lignin, compose a large proportion of the forage dry matter.

Structural

carbohydrates are cell wall fiber that gives the plant its support. Neutral detergent fiber
measures the cellulose, hemicellulose, and lignin, and is negatively correlated to intake
potential of the forage (Mertens, 1987). Acid detergent fiber measures the less digestible
fraction of fiber and is negatively related to digestibility potential for the animal (Reid et al.,
1988). Crude protein (CP) content is important because forages are typically fed in the winter
and spring months when the animals’ protein requirement may be at its greatest. Rumen
degradable CP is necessary to supply rumen microorganisms with digestion byproducts such
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N and carbon skeletons. These byproducts are incorporated into their own cell matter.
Forages must provide adequate amino acids to the small intestine for use by the host animal
in addition to what is being provided by microbial protein (Coleman and Moore, 2003). In
situ dry matter digestibility (ISDMD) or nylon bag digestibility measures the ruminal
degradability of forage over a given amount of time. Nylon bag digestibility gives an
approximation of digestible dry matter. Digestible dry matter is often used as a proxy of
digestible energy (DE; Coleman and Moore, 2003). Digestibility is a measure of the energy
availability to the ruminant (Casler, 2001). Although ISDMD requires the use of cannulated
animals, it is rapid and reproducible (Stern et al., 1997) and a more accurate estimator of
digestibility than in vitro methods (Kitessa et al., 1999). In order to maximize forage quality,
ideal forages would have lower NDF and ADF, and higher CP and digestibility. The
previously mentioned laboratory analyses are not difficult, yet they are not used a selection
criteria in forage barley breeding programs.
Altering the fiber content of forages could have some interesting implications in
terms of plant breeding. If a forage barley varied in NDF content from 55 to 45%, using the
Mertens (1987) equation (Intake, % of Body Weight = 120 / %NDF), intake would be
increased by 22%. In addition, forage quality affects energy concentration. If a forage
barley varied in ADF content from 45 to 35%, using the Reid et al. (1988) equation [% Dig.
DM = 88.9 – (0.779 x % ADF)], digestible DM could be increased by 15%. An increase in
energy and intake for barley forage crops could result in greater animal performance and
higher animal efficiency.

This in turn would result in more profitability for both the

livestock and crop producer.

In addition, reducing fiber content could have potential
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negative effects on lodging, the ability of the plant’s stem to withstand the weight of
developing head and foliage.
Does a severe reduction in fiber content reduce the plants’ ability to stand up?
Lodging makes harvesting more difficult. Research conducted at MSU the summer of 2004
would support this hypothesis. Barley lines were chosen from the spring core collection
based on a screening for low ADF in 2000 (Surber et al., 2002). These lines were grown in a
replicated (r=4) field trial in Bozeman. These barley lines experienced an average of 58%
lodging in the forage plots whereas the common varieties were only 23% lodged (Surber et
al., 2005). In a review of smooth bromegrass research, Casler (2005) stated that high cellwall concentrations are necessary for high forage yield; however, they are not necessary for
lodging resistance. In rice, the density of lignin in the culm is the main factor responsible for
bending stress (Ookawa and Ishihara, 1993). Bending stress is related to lodging resistance
or stem strength. In another study, cultivars of wheat and barley that were less susceptible to
lodging showed lower NDF and higher IVDMD in the basal internode that the more
susceptible ones (Travis et al., 1996). These authors suggested that greater stem flexibility,
allowing stems to bend without breaking, is an important factor controlling lodging
resistance.
Forage quality can be impacted by a number of factors; species, variety within
species, stage of maturity, and growing environment. Species has sizeable influence on
forage quality. Khorasani et al. (1997) compared small grain forage from ‘Noble’ barley,
‘Cascade’ oat (Avena sativa), and ‘Wapiti’ triticale (Triticosecale spp.) and evaluated these
forage species for yield, agronomic, and forage quality characteristics during the growth
period. Overall, these researchers determined that barley had the highest forage quality
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followed by triticale and then oat. Barley has often been determined to have higher forage
quality when compared to oat, wheat, or triticale (Cherney and Martin, 1982; Cherney et al.,
1983; McCartney and Vaage, 1994). Cherney and Martin (1982) investigated the effects of
cereal forage species and stage of maturity on forage quality. They grew 2 recommended
cultivars of wheat, oat, triticale and barley in 2 locations for 2 years. The barley cultivars
consistently had improved in vitro digestible dry matter when compared to oat, triticale and
wheat.

Barley, oat, and triticale DM yield were similar (6 metric tons/acre) but barley

yielded about 19% more IVDDM than oat (4.4 vs. 3.7 metric tons/acre, respectively).
McCartney and Vaage (1994) examined the yield and feeding value of ‘Johnson’ barley,
‘Calibre’ oat and ‘Carmen’ triticale silage. Although DM yield did not differ between cereal
forage species, triticale silages had higher NDF and ADF than the other silages. These silages
were used in a heifer performance trial.

Average daily gain was greatest for barley,

intermediate for oat and lowest for triticale silages in a 119-d growth trial. Based on the
animal performance results, the authors concluded that barley silage was the preferred cereal
forage silage when compared to oat and triticale silages.
Variety within a species has been shown to have an effect on forage quality. A
classical example of variety impacting forage quality is the development of ‘Coastcross-1”
bermudagrass at USDA-ARS in Tifton. A considerable effort by Dr. Glenn Burton and his
colleagues was placed on developing varieties of bermudagrasses with improved yield and
forage digestibility (Vogel and Sleper, 1994). In the first major effort, yield was not different
than traditional ‘Coastal’ but in grazing trials ‘Coastcross-1’ produced higher ADG than
‘Coastal’ (Burton et al., 1967; Chapman et al. 1972). Later, with the development of ‘Tifton
85’, researchers demonstrated that yield and quality could both be improved. What is even
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more interesting was that improvements in both traits were done via direct selection (Vogel
and Sleper, 1994).
It is generally accepted that forage quality declines with increasing stage of maturity
(Buxton, 1996). Khorasani et al. (1997) examined the influence of stage of maturity on
forage quality of barley, oat and triticale. They reported protein and nitrate concentrations of
whole-crop cereals decreased with advancing maturity. Interestingly, these researchers found
that NDF and ADF concentration increased in earlier stages as would be expected. As
maturity increased, however, the NDF and ADF began to decline for all crop species. They
suggested that as the plant matures, leaves and stem are more fibrous but in later stages of
maturity the higher fiber is offset by the increased starch development as the head fills.
The importance of forage quality should not minimize the economic importance of yield.
What stage of maturity is desirable for harvest so forage yield can be maximized while
minimizing the negative impacts of maturity on forage quality? It is generally accepted that
producers want to harvest where yield and digestibility intersect (Figure 1). Milk stage of
maturity in small grains appears to be the best compromise between yield and quality.
Borowiec et al. (1998) examined barley harvested at different stages of maturity.
Utilizing palatability and digestibility trials they found barley silage harvested at the milk and
dough stages of maturity were higher in intake and animal preference.

The authors

recommended harvesting barley for silage at the milk or dough stage of maturity. When
barley was ensiled at boot and soft dough stage of maturity, silage yield increased as stage of
maturity increased, however, apparent digestibility of DM, CP and ADF declined (Acosta et
al., 1991). It really depends on the class and level of production the producer is trying to
achieve. For example; a dairy producer may want to harvest at an earlier stage of maturity
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than a beef producer because the desired level of production is greater for a dairy cow vs. a
beef cow.

Figure 1. The effect of stage of maturity on forage quality and yield as adapted by Watson et
al. (1993).
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Nitrate in Forages
Nitrate Accumulation
There are many plants that are capable of accumulating dangerous nitrate
concentrations.

Examples of nitrate accumulators are:

Sudangrass (Sorghum vulgare),

sorghum-sudangrass (Sorghum bicolor-Sorghum bicolor var. sudanese), sorghum, corn,
wheat (Triticum aestivum), oat, rye (Secale cereale), barley, millet, fescue (Festuca spp.),
johnsongrass (S. halepense L.), alfalfa, pigweed (Amaranthus spp.), mustard (Brassica spp.),
kochia (Bassia scoparia (L.) Scott), nightshade (Solanum dulcamara), lambsquarter
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(Chenopodium album), nettles (Urtica Dioica), elderberry (Sambucus nigra), burdock
(Arctium lappa), bindweed (Convolvulus arvensis L.), ragweed (Ambrosia artemisiifolia),
and thistle (Cirsium spp.). Not only are there many forage crops that are potentially toxic
there are also many vegetables. Thus, nitrate accumulation is a health concern for both
animals and humans (Cardenas-Navarro et al., 1999). Nitrates are highly variable and are
sensitive to within plant factors like genetics and factors controlled by the environment
(Cardenas-Navarro et al., 1999).

Figure 2. Nitrate to protein cycle in plants.
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Nitrate is the primary N source to the plant (Figure 2). Nitrate is generally more
abundant than ammonium in the soil. The proportion of nitrate and ammonium absorbed
varies depending on the species of plant and the environmental conditions. Most nitrate
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absorbed are reduced to ammonium in the roots and or leaves, and enter pathways leading to
the synthesis of amino acids and proteins. Roots have a much lower saturation point than the
surrounding soil. There are regulatory mechanisms that signal the requirements of the aerial
parts of the plant that tell the root how much nitrate to move.
Under normal growth conditions there is little nitrate buildup in the plant (Wright
and Davison, 1964; Pfister, 1988). The presence of nitrate in the plant is normal and
accumulation is often temporary. The plant’s roots absorb large amounts of nitrate. The stem
and leaves normally convert nitrate to protein about as fast as it is absorbed by the roots. In
the plant, nitrate is quickly reduced to nitrite, nitrite to ammonium and combined with
carbohydrates to form amino acids. Under certain conditions like shade, drought or frost,
this balance can be disrupted. The roots then will accumulate nitrate faster than the plant can
convert the nitrate to protein. The nitrate to protein cycle in a plant is dependent on three
factors: Adequate water, energy from sunlight, a temperature conducive to rapid chemical
reactions. If any one of these factors is inadequate, the root continues to absorb nitrate at the
same rate while storing it unchanged in the stem and lower parts of the leaves. The rate of
photosynthesis is reduced and when this situation develops, nitrate accumulates.
Nitrate distribution within the plant is unequal and tends to accumulate in the stem
(Wright and Davison, 1964). Stems are generally highest in nitrate concentration, followed
by leaves and flowering structures (Maynard et al., 1976; Ostrem & Collins 1983; Pfister,
1988). Nitrate levels tend to be lower in leaves because of relatively higher concentration of
nitrate reductase (Pfister, 1988).
Many environmental factors contribute to nitrate accumulation in plants. Generally,
nitrates accumulate in the plant under stress conditions including drought or frost (Pickrell et
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al., 1991). In a drought, plants do not grow but the regulators of nitrate uptake by the roots do
not shut down. Shading or low light intensity can also cause high nitrate concentrations.
Stritizke et al. (1976) investigated the effect of shade and fertility on nitrate accumulation in
tall fescue.

Nitrate-nitrogen (NO3-N) concentrations were increased when 63% shade

occurred under low fertility levels and 30% shade under high fertility levels. At 80% shade,
NO3-N approached 9,000 ppm under high fertility conditions. Inappropriately high
application of N fertilizer may also contribute to toxic levels of nitrates (Wright and
Davidson, 1964; Murphy and Smith, 1967; Pfister, 1988). Many small grains are grown for
seed production and high yield (i.e., malting, bread making). This level of production
requires large inputs of nitrogenous fertilizer. If crops are not able to be harvested for that
specific endpoint crop producers may look at other endpoints such as forage. However, this
increases the chance for problems associated with high NO3-N concentrates in the forage.
Higher levels of nitrates are present in immature plants and decrease as plants mature
(Wright and Davison, 1964). These authors provided a number of possible explanations why
this might occur.

Firstly, as maturity advances the proportion of stem, leaf, and seed

changes. The seed head contains very little nitrate and dilutes the rest of the plant. Secondly,
seed production makes a heavy demand on the available N. Nitrate is quickly converted to
protein in the seed. All available nitrate is used up. Lastly, later in maturity, the soil N
supplying power is diminished significantly. Murphy and Smith (1967) examined the effects
of plant maturity on nitrate content of 9 forage species over a 2 year period. These species
included orchardgrass, tall fescue, bromegrass, bluegrass (Poa annua), timothy (Phleum
pretense), sudangrass, wheat, alfalfa, and ladino clover (Trifolium repens L.). Sudangrass
was the highest nitrate accumulator when compared to the other species. The authors also
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determined that nitrate accumulations reached a maximum level in the vegetative growth
stage prior to blooming and then declined with increasing maturity. By the time plants were
blooming, nitrate concentrations dropped to safe levels.

Figure 3. The effect of stage of maturity on barley, oat and triticale NO3-N concentration
(Surber et al., 2003).
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Some species do not respond in a similar fashion at the same stage of maturity
(Khorasani et al., 1997; Surber et al., 2003). In both studies, researchers found that NO3-N
concentrate in cereal forage species such as barley and triticale declined while oat NO3-N
concentrate remained stable over increasing stages of maturity. Oat remained at a toxic level
of NO3-N at all 3 stages of maturity sampled (Surber et al. 2003; Figure 3). With advancing
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maturity, only triticale and barley approached NO3-N levels that would be considered safe for
pregnant cattle (Cash et al., 2002).
Deficiencies in mineral nutrients have been shown to create nitrate accumulation in
some plants (Wright and Davison, 1964). Molybdenum is a metallic component in the
enzyme nitrate reductase. Nitrate reductase is an important enzyme for the metabolism of
nitrate to nitrite in cytoplasm. Molybdenum and manganese deficiencies have been shown to
produce nitrate accumulations (Wright and Davison, 1964).
Nitrate reductase is light activated, exhibits diurnal and seasonal fluctuations in
activity, is influenced by self-shading and mutual shading at high populations, and by degree
of hydration (Kleinhofs et al., 1989). Light plays an important role in nitrate assimilation.
When green plants are transferred from light to dark conditions, the activity of nitrate
reductase is depressed even when nitrate is present in adequate amounts.

This effect,

together with a decrease in reducing power because of the absence of light, is the main
reason for the accumulation of nitrate when light intensity (shading, cloudiness) is low.
Nitrate reductase activity also increases in response to the presence of nitrate (Kleinhofs et
al., 1989). In fact, nitrate is the signal that directly affects the expression of genes related to
nitrate uptake, transport, and assimilation (Scheible et al., 1997).
Nitrate Toxicity
When an animal consumes forages high in nitrates there is a potential for nitrate
toxicity to occur. Pfister (1988) gave an excellent description of the sequence of events for
nitrate toxicity. Normally, nitrates ingested by ruminants are converted to ammonia in the
rumen, which is then converted to amino acids which build microbial protein (Figure 4).
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Nitrate is converted to nitrite faster than nitrite is converted to ammonia. Consequently,
when higher than normal amounts of nitrate are consumed, an accumulation of nitrite may
occur. Nitrite then will be absorbed into the bloodstream, binds with the iron in hemoglobin,
and hemoglobin is converted to methemoglobin.

Methemoglobin is incapable of O2

transport. Tissues develop O2 deficiencies and when an animal dies it is due to a lack of O2.
Ruminants are particularly susceptible to nitrite poisoning because rumen microorganisms
are responsible for all reductions of nitrate to nitrite.

Figure 4. Nitrate assimilation and metabolism in the rumen.

When higher than normal amounts of NO3 are consumed NO2 builds
up in the rumen. Nitrite is absorbed into the bloodstream and binds
with the iron in hemoglobin and is converted to methemoglobin.
Methemoglobin is incapable of O2 transport.
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Common

acute

symptoms

of

nitrate

poisoning

include:

brown

blood,

brownish/grayish color to pink tissues like nose, mouth and vulva, excessive salivation,
grinding teeth, unsteady gait, rapid labored breathing, abortion, collapse, coma, and death.
Ingestion of high nitrate concentrations over a longer period of time can produce chronic
symptoms. These symptoms include weigh loss, decreased appetite, and diarrhea.
However, an animal can adapt to challenges of high nitrate. Management practices
can be altered to reduce potential nitrate problems. If animals are adapted to a high nitrate
diet over a longer period of time (7 to 14 days) this gives the rumen environment more time
to increase bacterial species that make the conversion from nitrate to ammonia. Increased
feeding frequency increases tolerance. Giving animals little doses of NO3 frequently instead
of large doses allows the bacterial population to adapt. Providing an additional energy
source with high nitrate feed can reduce symptoms. Carbohydrates encourage bacterial
growth which in turn allows more bacteria to convert nitrate to ammonia. Feed a complete
mineral and vitamin package that supplies vitamin A, iodine, Mo, Cu, Fe, Mg, and Mn.
Many of the minerals are important for enzymes or cofactors in the conversion of nitrate to
ammonia. Managers can alter grazing management to improve protection from nitrate
toxicity. One way is to switch season of use (i.e., grazing forage vs. harvesting forage). By
grazing forage and not harvesting you allow the animal to use its natural selectivity. Animals
will prefer plant tops versus stems. Stems are where nitrate tends to accumulate. Replacing
nitrate fertilizer with ammonia fertilizer may also reduce soil nitrate levels. Blending high
nitrate feeds with feeds with no or low nitrate and high energy values helps reduce problems
with toxicity. Ensiling high nitrate feed will reduce nitrate levels.
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Summary
Plant breeder’s ultimate goal is to improve forage quality without sacrificing
agronomic quality. Plant breeders are changing the genes that the plant has evolved with
over its history and making them more suited to agricultural purposes. Forage crops have a
tremendous amount of genetic variability in forage quality characteristics and this variability
allows us to select for the more desirable plants. Breeding programs use lab procedures to get
an estimate of nutritional value because measuring performance in vivo is very expensive.
These procedures or traits have been shown to be heritable and can be used in breeding
programs to improve quality. These traits are complex, controlled by many pathways,
enzymes and metabolic processes. One trait can affect other traits. Most traits are considered
to be under multi-gene control and have been treated as quantitative genetic traits.
Improvement of forage quality characteristics have been accomplished by a number
of methods. First, improvement of quality has been done with traditional plant breeding
methods. Plant breeders have most commonly focused on digestibility which is an example
of a quantitative trait. Genetic variation for digestibility has been evaluated in many forage
species. Because of the variation in digestibility genetic progress has also been made.
Second, a natural plant mutation has been explored to improvement forage quality of
plants. The bmr trait is an example of a natural mutation that changes cell walls to make them
more susceptible to ruminal degradation. Brown-midrib mutations in the homozygous
recessive state resulted in reduced lignification, reduced cell wall concentration, increased
digestibility and increased intake of feed by ruminants. Improvement in feeding performance
for cattle has been associated with the brown-midrib3 (bm3) mutant in corn however,
improvements in feeding value associated with the bmr trait have negative effects on yield.
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Brown midrib-3 lines may always have the stigma of poor yield and problems with lodging
despite drastic improvements in feeding quality.
Lastly, forage quality improvement has been accomplished through modern plant
breeding techniques. There have been numerous studies that have characterized the genetic
basis and QTL of important forage maize traits. Researchers have mapped and characterized
QTL of important forage maize traits. The research suggests that for important forage maize
traits such as digestibility, fiber content, metabolizable energy content, and metabolizable
energy yield researchers should plan to do separate QTL mapping for each cross.
Additionally, when similar research was performed with some of the same forage traits
across other populations of elite inbred flint maize lines is was determined there was poor
consistency among crosses suggested that QTL mapping should be performed separately for
each population. Other forage maize QTL research has suggested that selecting for only 1 of
the 2 fiber components (NDF or ADF) should be necessary to improve digestibility.
Barley is commonly used for genotyping and phenotyping and the Steptoe x Morex
model population has approximately 26 publications resulting from research. Most of the
publications dealt with agronomic, malting, disease resistance and environmental adaptation.
Most recently researchers have begun to evaluate the genetic variation in feed quality
characteristics, map QTL affecting grain ADF, grain starch, cracked grain particle size,
cracked grain ISDMD at 3 hours, and estimate interactions between detected QTL. Several
major QTL have been detected for ADF and ISDMD. Although numerous QTL have been
detected in the Steptoe x Morex model population for feed quality characteristics gain
through MAS would be limited. The Steptoe x Morex population was never developed with
the intention of isolating and advancing barley lines for release to the public.
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The Lewis x Karl recombinant inbred line (RIL) population was developed for the
purpose of mapping the genes responsible for protein traits unique to ‘Karl’ through QTL
analysis. It was hypothesized that grain protein deposition, nitrate accumulation and
assimilation in the whole plant are somehow linked. Researchers at Montana State University
utilized the Lewis x Karl population to map the location of genes controlling variation in
grain protein concentration to permit the use of MAS. A grain protein QTL on Chromosome
6 (6H) was found and the marker Hvm74 on the satellite of Chromosome 6 was the closest
marker. Barley lines with the Karl allele at the Hvm74 locus were lower in grain protein
content than the Lewis allele. The Hvm74 QTL accounted for about 40% of the total
heritable protein variance. Additional research with the Lewis x Karl RIL population
compared the location of QTL associated with N uptake, storage and remobilization in flag
leaves relative to QTL research performed previously. Several areas on Chromosome 1
(marker actg 256), 3 (acaa158 and acag135), 4 (HVM40), 6 (actt298) and 7 (acaa270) were
found to control nitrate accumulation. Marker actt298 on Chromosome 6 had several QTL
for nitrate accumulation at anthesis, and mid-grain fill, and soluble amino N and total leaf N
at mid-grain fill. Researchers suggested further investigation of these areas may prove useful
in forage barley breeding programs concentrating on developing low-nitrate cultivars. The
forage quality of barley has yet to be evaluated in a mapping population such as the Steptoe x
Morex DH lines or the Lewis x Karl RIL population.
In Western Canada and the Northern Great Plains, several hundred thousand acres of
forage barley are produced annually. Small grains such as barley are used in crop rotations
to rejuvenate alfalfa stands, especially under irrigation. Much of the annual hay crops
(including cereal forage) are fed on-site, therefore, an improvement in forage quality of hay
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barley varieties would be beneficial to the livestock producer and well as the hay producer.
If, through improved selection methods, new forage barley varieties could be reduced in fiber
content by 10%, energy value to cattle would be increased by 15%. This would increase the
value of barley hay by $15 to $20 per ton. Also, improved forage barley quality will
encourage production. Not only will this research benefit livestock producers, it will be
beneficial to the seed industry because forage barleys are one of the most marketable
products in Montana’s seed industry.
Forage barley is particularly prone to nitrate accumulation, and nitrate toxicity in
animals can result. The Montana State University Extension Service estimates a high
proportion of hay barley samples from Montana counties were considered “hazardous” for
nitrate levels. This resulted in the loss of approximately 165,000 tons of hay. Purchasing
hay at $75/ton to replace unsafe hay would cost livestock producers $12 million. Selecting
new barley varieties based on low nitrate potential has obvious social and economic benefits.
Research Objectives
Therefore the objectives of the present research are: (1) To determine if forage quality
characteristics and nitrate concentration vary among barley genotypes; (2) To determine if
there are quantitative trait loci (QTL) associated with forage quality traits and nitrate
concentration in barley; (3) To determine if marker relationships persist in another cross; (4)
To determine if variation in forage quality characteristics and nitrate concentration among
barley lines are heritable.
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CHAPTER 2
DETERMINATION OF GENETIC MARKERS ASSOCIATED WITH FORAGE
QUALITY IN STEPTOE X MOREX DOUBLED HAPLOID LINES
Abstract
Despite the importance of forage quality to animal performance, barley forage quality
has not been used as a selection criterion in barley breeding programs. Our objectives were
to: (1) evaluate Steptoe x Morex doubled haploid (DH) population for forage quality
characteristics; (2) identify QTL for forage quality characteristics; and (3) determine if
variation in forage quality characteristics among barley lines are heritable. The 145 DH lines
were grown in 2 replications of a randomized complete block design under irrigated
conditions in Bozeman, MT. The experimental unit was entry within block. Forage samples
were collected at plant anthesis and at peak forage yield. A 0.15 m clip sample of 1 row was
cut at stubble height and dried at 60°C for 48 h. Dry matter forage yield was estimated.
Forage samples were ground to pass a 5-mm screen. In situ DM digestibility (ISDMD) at 48
h was determined. A sub-sample of each line was evaluated for NDF, ADF, N, and NO3N. There was sizeable genetic variation in forage quality. At peak forage yield, NO3-N was
negatively correlated to ISDMD (r = -0.52, P < 0.001). Whereas at anthesis, this relationship
was weak (r = 0.17, P < 0.001). If selections were made based on peak forage yield values
for improved ISDMD there would be a subsequent decrease in NO3-N. At peak forage yield,
the QTL for NO3-N was located at markers on a different region of chromosome 2H than
QTL for N and non-NO3-N and this indicates that NO3-N could be selected for independently
of other N components. There were 2 QTL locations on chromosome 7H in common
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between NDF and ADF at anthesis; this would suggest that only NDF or ADF would be
necessary in QTL detection. At anthesis, NDF, N, non-NO3-N, and ISDMD were highly
heritable; ADF was moderately heritable; and DM yield, DM, and NO3-N was lowly
heritable. At peak forage yield, all traits were lowly heritable. It appears if selection progress
is to be made breeders will have to select for forage quality traits at early stages of maturity.
This research has provided the identification and mapping of QTL for barley forage quality
and will allow deployment of genes for improved forage quality via marker-assisted
selection.
Key words: Barley, Forage quality, QTL, Nitrate
Introduction
The Steptoe x Morex doubled haploid (DH) population has been used for extensive
genotyping and phenotyping of agronomic and malting traits, disease resistance and
environmental adaptation traits. Han et al. (1997) and Larson et al. (1996) examined malt
quality traits and yield. Oberthur et al. (1995b) evaluated for seed dormancy. Most recently,
Abdel-Haleem et al. (2005) evaluated variation in feed quality characteristics and mapped
QTL affecting grain ADF, grain starch, cracked grain particle size, and cracked grain in situ
dry matter digestibility (ISDMD) at 3 h. Chromosomes 1H, 2H, 3H, and 6H were found to
have QTL for ISDMD and explained about 47% of the variation for this trait. Particle size
and DMD shared 1 QTL and the authors suggested that particle size variation may explain
variation in ISDMD as there was a positive association between these traits. The QTL
models explained about 44 and 26% of the total variation in ADF and starch, respectively.
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Several QTL were detected for ADF, major QTL on Chromosome 2 and 6.

Other

researchers have detected QTL for grain ADF in the same population (Han et al., 2003).
Although barley breeding programs should focus on yield and quality, most Western
North America barley breeding programs focus on awnlessness. Because of this, the major
forage barley varieties grown in North America are standard grain varieties, which have been
made awnless or hooded by backcrossing. Despite the importance of forage quality traits to
animal performance, forage quality characteristics have not been used as selection criterion
in barley breeding programs.
Forage quality of barley has yet to be evaluated in a mapping population such as the
Steptoe x Morex DH lines. The objectives of this project were to: (1) evaluate the Steptoe x
Morex DH population for forage quality characteristics; (2) identify QTL for forage quality
characteristics; and (3) determine if variation in forage quality characteristics among barley
lines is heritable.
Materials and Methods
Plant Resources
One hundred forty-five DH lines from the Steptoe x Morex cross were utilized to
determine forage quality (Hayes et al., 1993). A medium density linkage map was developed
in each of these 145 lines (Kleinhofs et al., 1993; Hayes et al., 1993). Morex is a 6-rowed
malting cultivar and is the American Malting Barley Association standard malting variety
(Rasmusson and Wilcoxson, 1979), and Steptoe is a high-yielding 6-rowed traditional feed
variety (Muir and Nilan, 1973). These lines show a wide range of variation for many grain
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feed quality characteristics as well as production and morphological characteristics but
forage quality had yet to be evaluated.
In 1999 and 2001, the 145 lines were grown in 2 replications of a randomized
complete block design under irrigated conditions at the A. H. Post Research Farm, Bozeman,
MT. Four-row plots were 3 m in length and spaced 0.3 m apart. The A. H. Post Agronomy
farm at Montana State University has Amsterdam silty loam (fine-silty, mixed, superactive
Typic Haploboroll) soil characteristics.
Forage Quality Estimations
Forage samples were collected at 2 stages of maturity; plant anthesis and at peak
forage yield. At anthesis, plots should be at the highest forage quality, while plots at peak
forage yield would have lower forage quality. As the whole barley plant matures it will
change in chemical composition (i.e., decrease in fiber, protein, NO3-N, and ISDMD). This
change in plant physiology may impact the relationship between the trait (lab analysis) and
the associated QTL. At each stage of maturity, overall plant maturity was determined by a
subjective average score of all the plots in the experiment. A 0.15 m hand clip sample of 1
row was cut at stubble height and dried at 60°C for 48 h. Dry matter forage yield (FY) was
estimated using the following equation: FY, t/ha = [(DM wt of clip sample (g) x
87,120)/1,000,000] x 2.2. Forage samples were ground to pass a 5-mm screen in a Wiley
mill. Duplicate nylon bags (50 µm pore size) containing approximately 5 g of each barley
genotype were incubated in the rumen of 2 cannulated cows for 48 h (4 bags for each
genotype at each time point, 2 bags per cow). The Montana State University Institutional
Animal Care and Use Committee approved all experimental protocols. Cannulated cows
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were adapted to a medium quality grass/legume hay diet for approximately 21 d. An
adaptation period allows the rumen microbial population to change to match the feed being
consumed. One empty bag was included in each incubation run as a "blank" to measure
microbial contamination and influx of particulate material. One standard bag containing
straw was included each incubation run per cow. The standard was used to assess any
methodology changes from run to run. No changes were noted. After removal from the
rumen, the bags were dried in a forced air oven at 60°C for 48 h. In situ DM digestibility
was calculated according to the following equation: ISDMD% = 100-{[(dry sample and bag
wt. out - bag weight) - (blank bag wt. out – blank bag wt. in)]/ (sample wt. in* DM) *100}.
A sub-sample of each line was ground to pass a 0.5-mm screen and evaluated in duplicate for
NDF and ADF (Van Soest et al., 1991) using procedures modified for use in an Ankom 200
fiber analyzer (Ankom Technology, Macedon, NY), N (Leco FP-328, Leco Corp., St. Joseph,
MI) and NO3-N (AOAC, 2000). Samples were replicated twice for DM, NDF, ADF, N and
NO3-N. Non-NO3-N was calculated by difference between total N and NO3-N concentration.
Laboratory samples were reanalyzed when the sample coefficient of variance was 0.5% or
greater for DM, 3% or greater for NDF and ADF, 2% or greater for N, 3% or greater for
NO3-N, and 10% or greater for ISDMD.
Simple trait correlation analysis was carried out for yield and all forage quality
characteristics using entry means averaged over years and PROC CORR procedure in SAS
(SAS Inst. Inc., Cary, NC). Heritability of entry means averaged over years was estimated as
narrow sense heritability (Knapp et al., 1985); h2 = 1 – (MS Error/MS Entry).
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QTL Analysis
Data were analyzed to determine if significant variation existed among lines within
the DH populations. Entry within replications was the experimental unit for the randomized
complete block design experiment where block was the replication. When genotype effects
were detected (P < 0.10), QTL analyses were performed. The linkage dataset utilized was
developed by the North American Barley Genome Mapping Project (Kleinhofs et al., 1993;
Hayes et al., 1993) and is available in the GrainGenes database (GrainGenes, 1994).
Windows QTL Cartographer 2.0 (Wang et al., 2004) was used for QTL analysis. A series of
1,000 permutations were run to determine the experiment-wise significance level at P = 0.05
of logarithm of the odds ratio (LOD) for the trait (Churchill and Doerge, 1994). Composite
interval mapping (CIM) was employed to detect QTL and estimate the magnitude of their
effects (Jansen and Stam, 1994; Zeng 1994) using Model 6 of the Zmapqtl program module.
The genome was scanned at 2-cM intervals and the window size was set at 10 cM. Cofactors
were chosen using the forward-backward method of stepwise regression. The percentage of
phenotypic variance explained by a specific QTL value (R2) was taken as the peak QTL
position as determined by QTL Cartographer. Total phenotypic variance (R2) was calculated
using multiple locus models based on type III sums of squares of the general linear models
(GLM) procedure of SAS (SAS Inst. Inc., Cary, NC) using the closest marker locus to QTL
model identified by CIM and possible epistatic interaction between each marker pairs.
Results and Discussion
Phenotypic Variation
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The effects of entry, year, replicate, replicate within year and entry x year interactions
on forage quality traits at anthesis and peak forage yield stages of maturity are presented in
Table 2. At the anthesis stage of maturity, year affected (P < 0.01) DM yield. Dry matter
yield was unaffected (P > 0.05) by entry and entry x year interaction. Dry matter, NDF,
ADF, and NO3-N content were impacted (P < 0.01) by replicate within year and entry at the
anthesis sampling. There was an entry x year interaction (P < 0.05) for N and non-NO3-N.
At plant anthesis ISDMD was influenced by replicate within year and entry x year
interaction.
At the peak forage yield stage of maturity year affected (P < 0.01) DM yield. There
was entry x year interaction (P = 0.02) for DM however, DM was unaffected by replicate
within year or replicate. Fiber content was influenced similarly. Both NDF and ADF had an
entry x year interaction and a replicate within year effect (P < 0.05). At peak forage yield
stage of maturity NO3-N was affected (P < 0.02) by entry, year, and replicate. There was a
replicate within year effect (P < 0.03) for N, non-NO3-N, and ISDMD.
Abdel-Haleem et al. (2005) found variation in the Steptoe x Morex DH population
for grain feeding quality characteristics including grain starch, grain ADF, cracked grain
particle size, starch digestibility and DMD at 3 h of ruminal incubation. Additionally, the
authors scored the DH offspring as either positive or negative transgressive genotypes when
compared to the parents Steptoe or Morex for each trait. In this case, positive transgressive
genotypes are lower in CP, and lower in ADF than the parent Steptoe, and higher in starch
content, larger in particle size, lower in grain DMD and lower in starch digestibility than the
other parent Morex. Negative transgressive genotypes are the opposite. Abdel-Haleem and
co-workers (2005) found the variation between the parents was narrow for feed quality traits
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described above, however there were 2 traits (starch and DMD) where greater than 90
positive transgressive genotypes were found. This means that a majority of DH lines were
superior to the parental lines, Steptoe and Morex. This demonstrates the wide spectrum of
variation present in the Steptoe x Morex DH population.
Steptoe x Morex DH population means, ranges, associated standard deviations, and
coefficients of variation for each measured trait at anthesis and peak forage yield sampling
are presented in Table 3. At anthesis, ISDMD ranged from 68.3 to 81.3%, with a mean of
75.2% (CV = 4.0%), and ADF ranged from 27.2 to 34.9%, with a mean of 31.4% (CV =
5.2%). Hayes et al., 1993 and Gibson et al., 1994 reported similar variation with in the
Steptoe x Morex DH population for grain quality. Nitrogen at anthesis ranged from 2.2 to
3.5%, with a mean of 2.8% (CV = 8.8%), and NO3-N ranged from 0.21 to 0.5%, with a mean
of 0.3% (CV = 17.8%). It should be noted that our NO3-N values were very high. According
to Cash et al. (2002), NO3-N values that exceed 0.226 % NO3-N are considered toxic to all
types and classes of livestock. The anthesis sampling NO3-N mean value of 0.3% could
potentially induce nitrate toxicity symptoms. Forage barley breeding programs should select
lines that possess low nitrate concentration over different environmental conditions. At peak
forage yield, ADF ranged from 17.5 to 30.9%, with a mean of 22.7% (CV = 10.8%), and
NO3-N ranged from 0.04 to 0.32%, with a mean of 0.15% (CV = 37.5%). For pregnant beef
cattle 0.12% NO3-N would be considered dangerous and could induce toxicity symptoms.
However, for non-pregnant cattle such as steers, dilution with other forages would not be
necessary (Cash et al., 2002).
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Correlation Analysis
Simple correlation analyses at anthesis and peak forage yield stages of maturity
between yield, forage chemical composition traits (NO3-N, NDF, ADF, and N content) and
other forage quality characteristics are presented in Table 4. At the anthesis and peak forage
yield stage of maturity, correlation analysis indicated that there was a strong positive
relationship between DM yield and NO3-N (r = 0.83, P < 0.001 and r = 0.67, P < 0.001;
respectively). Barley lines with higher DM yields produced higher NO3-N accumulation.
Nitrate accumulation is typically prompted by some type of environmental stress. The DH
lines in this study were grown under irrigated conditions and therefore environmental stress
from drought would be unlikely. Over-fertilization of N or N fertilization levels appropriate
for another purpose could be possible explanations for the strong positive relationship
between DM yield and NO3-N. Alternatively, barley could be acting as “luxury” N
consumers. Luxury N consumers take up more NO3 than is immediately needed when high
levels of N are available in the soil. Correlation analysis indicated that N was negatively
correlated with NDF (r = -0.84, P < 0.001) and ADF (r = -0.73, P < 0.001) and positively
correlated with NO3-N (r = 0.81, P < 0.001) at the anthesis stage of maturity. Nitrate-N
makes up a portion of the total plant N and therefore a positive relationship should exist.
Furthermore, it is expected in young growing plants that the relationship between N and
NO3-N be positive. The roots of the young plant are actively removing nitrate from the soil
and the plant is able to convert nitrate to plant protein. However, as plant senescence occurs
the relationship should be less important unless there are some genetic or environmental
factors contributing to the accumulation of NO3-N. Plants with more N fertilizer available
would be expected to be higher in total N and NO3-N. It is unclear why there would be an
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inverse relationship between NO3-N and fiber traits at the anthesis stage of maturity
especially under adequate moisture conditions during the growing season. Plants under
drought stress will more likely have a positive relationship between NO3-N and fiber and
therefore be higher in NO3-N and fiber content. Forage ISDMD at anthesis was negatively
correlated to NDF and ADF (r = -0.54, P < 0.001 and r = -0.38, P < 0.001). In situ dry matter
digestibility measures the ruminal degradability of forage over a given time point and gives
an approximation of digestible dry matter. Digestible dry matter is often used as a proxy of
digestible energy (Coleman and Moore, 2003). High fiber content (NDF and ADF) have
negative impacts on animal intake and energy concentration, and digestibility of the forage
(Mertens 1987; Reid et al., 1988). There was a positive relationship between forage ISDMD
and N at anthesis (r = 0.50, P < 0.001). Ruminal digestion is dependent on microorganisms.
Microbial growth and regeneration is in turn dependent upon rumen degradable protein
originating in the forage being fed. In order to maximize forage quality, ideal forages would
have lower NDF and ADF, and higher CP and digestibility. It is unclear why there was a
positive relationship between ISDMD and NO3-N at anthesis (r = 0.17, P <0.001).
Microorganisms in ruminant animals convert NO3-N to microbial protein much the same way
the plants convert NO3-N to plant protein. Russell (2002) stated that continuous cultures of
ruminal microorganisms that were treated with NO3-N produced less methane and bacterial
biomass tended to increase microbial growth. Additionally, Anderson and Rasmussen (1998)
used NO3-N to redirect the flow of reducing substrates (hydrogen or formate) in the rumen
away from methanogensis into alternative electron sinks (NO3-N) resulting in an 18-fold
decrease in methane production. There may be a stimulatory effect of NO3-N concentration
on microbial growth.

At peak forage yield stage of maturity, NO3-N was positively
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correlated to NDF and ADF (r = 0.69, P < 0.001; r = 0.69, P < 0.001). Under adequate
moisture growing conditions it is unlikely there would be a strong positive or negative
relationship between NO3-N and fiber. If there are stress factors that impair the plants ability
to convert NO3-N to protein, NO3-N will typically accumulation in the stems. Drought or
water stress can actually decrease the fiber content and therefore improving forage quality.
Heat stress can increase the fiber content. Forage ISDMD had a negative relationship with
NDF, ADF, and NO3-N at the peak forage yield stage of maturity (r = -0.39, P < 0.001; r = 0.37, P < 0.001; r = -0.37, P < 0.001). In most forage species, digestibility is negatively
influenced by increased fiber content. However in cereal forages, as the portion of grain
increases in the whole barley plant (i.e., plant maturity) digestibility should improve and fiber
content decrease. If selections were made based on peak forage yield values for improved
ISDMD there would be a subsequent decrease in NO3-N concentration. This would be
desirable. It is unclear why there was a negative relationship between N and ISDMD at peak
forage yield (r = -0.52, P < 0.001). In most instances, forage ISDMD is positively effected by
protein content of the forage.
QTL Analysis
The previously constructed Steptoe x Morex DH linkage map was used to determine
the chromosomal locations of QTL associated with chemical composition and digestibility of
barley forage. The QTL analyses used means from a dataset combined over years (1999 and
2001).
Major QTL markers were identified for chemical composition and digestibility traits
at the anthesis stage of maturity (Table 5 and Appendix A). The QTL models explained
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approximately 67% of the total phenotypic variation for NDF.

Five QTL controlling

variation in NDF content were detected on chromosomes 2H, 4H, and 7H. The major QTL
was on chromosome 2, Qndfa2a, and controlled approximately 49% of the variation. Several
authors have detected QTL on chromosome 2H that are associated with plant photoperiod
(daylength) response (Laurie et al., 1994; Oberthur et al., 1995a; Karsai et al., 1997). Plots
were harvested on the same day when the average of the plots was at a given stage of
maturity (i.e., anthesis or peak forage yield). It is, however to be expected that there would
be a range of maturity scores with the mean at either anthesis or peak forage yield.
Characteristics that are highly responsive to stage of maturity such as forage quality traits
would therefore be most influenced by day length or photoperiod. Five QTL affecting ADF
were found on chromosomes 1H, 2H, and 7H controlling approximately 60% of the total
variation. The major QTL, Qadfa2a, controlled about half (31%) of the variation explained
by the model. There were 2 QTL locations on chromosome 7H in common between NDF
and ADF at ABC158 and MWG836. In another mapping population (Dicktoo x Morex), the
same markers, ABC158 and MWG836, had QTL affecting α-amylase, diastatic power, fine
coarse difference, and grain protein content (Oziel et al., 1996). These characteristics are all
related to barley grain malting quality. Grain milling characteristics and protein content are
also important feeding characteristics. Cardinal et al. (2003) found NDF and ADF mapped
to similar regions in forage maize. The authors suggested that only 1 of the detergent fiber
analyses would be necessary in QTL detection of fiber traits. Three QTL controlling
variation in NO3-N concentration were found on chromosomes 2H, 4H, and 5H. The QTL
(Qno3a2a, Qno3a4a, and Qno3a5a) explained approximately 9, 11, and 6% of the variation,
respectively. The QTL, Qno3a4a, is in close proximity to marker Dhn6. Marker Dhn6 has
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been associated with the dehydrin gene family (Choi et al., 1999; Choi et al., 2000).
Dehydrins are proteins frequently induced by stressors such as dehydration and low
temperatures (Choi et al., 2000). Plant stressors such drought or frost have an impact on
NO3-N accumulation (Pickrell et al., 1991). In other words, there may be a relationship
between the expression of dehydrins and the accumulation of NO3-N in a plant under stress
conditions. Models explained about 62 and 79% of the variation for N and non-NO3-N,
respectively. The major QTL for N and non-NO3-N, Qna2a and Qnona2a, controlled the
majority (47 and 57%, respectively) of the variation explained by the model. There were 3
smaller QTL (Qna4a, Qnona4a, and Qnona5b) found on chromosome 4H and 5H. These
QTL coincided with the results of research of Marquez-Cedillo et al. (2000) who noted in the
mapping population Harrington x Morex that marker BCD402B on chromosome 4H and
ABC302 on chromosome 5H had an effect on grain protein and soluble/total protein content.
It is interesting to note that whole plant total N and non-NO3-N (amino N) would map to
similar areas as grain protein especially when grain fill is not occurring at the anthesis stage
of maturity. However, it is reasonable to assume grain protein deposition, N accumulation
and assimilation in the whole plant are somehow linked. The QTL models explained
approximately 82% of the total phenotypic variation for ISDMD. Six QTL controlling
variation in ISDMD content were detected on chromosomes 2H, 3H, 4H, 5H, and 7H. The
major QTL on chromosome 2, Qdmda2a, controlled approximately 59% of the variation. In
general, ISDMD is affected greatly by stage of maturity and heading date and would be most
influenced by day length or photoperiod. This may explain why areas on chromosome 2H
that have been shown to control photoperiod (Laurie et al., 1994; Oberthur et al., 1995a;
Karsai et al., 1997) had QTL for ISDMD. Although QTL, Qdmda3a, controlled only 3% of
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the variation is was in the same region as QTL for grain ISDMD done by Abdel-Haleem et
al. (2005). This suggests there may be a minor relationship between whole plant ISDMD and
cracked grain ISDMD. The same genes may be contributing to both whole plant digestibility
and grain digestibility.
Fewer QTL were detected for chemical composition and forage digestibility traits at
the peak forage yield stage of maturity when compared to the anthesis sampling (32 vs. 10).
Additionally, models explained less phenotypic variation when compared to the anthesis
stage of maturity sampling. Major QTL were identified for NDF, ADF, NO3-N, N, and nonNO3-N (Table 6 and Appendix A). No QTL were present for DM yield, DM, and ISDMD.
Models explained approximately 15% of the total phenotypic variation in NDF at peak
forage yield. One QTL, Qndfp2a, was found on chromosome 2H. Although Qndfa2a and
Qndfp2a are associated with different markers (ABC156A vs. ABG358) they are located on
the same region of Chromosome 2. Two QTL controlling ADF were detected on 2H. The
QTL, Qadfp2a and Qadfp2b, explained about 14 and 7% of the variation, respectively.
Abdel-Haleem et al. (2005) and Han et al. 2003 found a QTL for grain ADF at marker
CDO474C which is near Qadfp2b. A possible explanation for the similarity between our
results and those of Abdel-Haleem et al. (2005) and Han et al. (2003) is that the head (grain)
makes a large portion of the whole plant at the peak forage yield stage of maturity. However,
this is not the case for the anthesis stage of maturity sampling. The QTL, Qndfp2a and
Qadfp2a, are within 5 cM of each other. It appears that these QTL support Cardinal et al.
(2003) theory that only NDF or ADF would be needed in genetic mapping for fiber content
of barley forage. One QTL for NO3-N, Qno3p2a, was found on chromosome 2H which
accounted for only 6.6% of the phenotypic variation present in the model. Models explained
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approximately 13% of the total variation in N content at peak forage yield. Two QTL,
Qnp2a and Qnp5a, were detected on chromosome 2H and 5H accounting for 7 and 6% of the
variation, respectively. There were 4 QTL identified on chromosomes 2H, 5H and 6H for
non-NO3-N controlling approximately 30% of the total phenotypic variation for the trait. The
QTL for NO3-N concentration was located at markers on a different region of chromosome
2H than QTL for N and non-NO3-N (ABG008 vs. MWG858 and ABC167B). This indicates
that NO3-N could be selected for independently of other N components. These results are
particularly interesting since there was a correlation between N and NO3-N at peak forage
yield. Without marker assisted selection, it would be assumed that selecting for reductions in
NO3-N concentrations would lead to reduced N in the whole plant.

This could have

implications on grain protein characteristics as well.
Heritability Analyses
Genetic variation and narrow-sense heritability (h2) were estimated for the Steptoe x
Morex DH barley population at anthesis and peak forage yield stages of maturity using the
equations developed by Knapp et al. (1985; Table 7). Traits with h2 above 0.7 are highly
heritable, traits with h2 between 0.5 and 0.7 are moderately heritable, and traits with h2 0.2 to
0.4 are lowly heritable. Heritability provides an estimate of how much variability is due to
genetic factors. In general, h2 was highest at the anthesis stage of maturity when compared to
peak forage yield. Also included in Table 7 are 90% confident intervals (CI) for h2. The CI is
an estimate of the precision of the h2 calculation.
At anthesis, NDF, N, non-NO3-N, and ISDMD were highly heritable; ADF was
moderately heritable; and DM yield, DM, and NO3-N were lowly heritable. At peak forage
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yield, all traits were lowly heritable. Broad-sense heritability (H) of forage quality in barley
was measured by Therrien (2003). Forage quality was estimated by CP, NDF, and ADF
content from samples taken at the mid-dough stage of maturity. Heritability was 64% for
CP, 43% for NDF, and 36% for ADF. Casler and Vogel (1999) noted heritabilities of 30%
and greater for IVDMD in seven forage crops. Heritability estimates for crested wheatgrass
according to Ray et al., (1996) for IVDDM, crude protein, NDF, ADF, and hemicellulose
were 50, 53, 63, 68, and 72%, respectively.
Implications
There was sizeable genetic variation in forage quality in the Steptoe x Morex DH
barley population.

At the peak forage yield stage of maturity, NO3-N was negatively

correlated to ISDMD. If selections were made for improved ISDMD based on peak forage
yield values there would be a subsequent decrease in NO3-N concentration. This would be
desireable. The QTL for NO3-N concentration was located at markers on a different region of
chromosome 2H than QTL for N and non-NO3-N. This indicates that NO3-N could be
selected for independently of other N components.
This research has provided the identification and mapping of QTL for barley forage
quality based on the Steptoe x Morex DH barley population, and will allow deployment of
genes for improved forage quality via marker-assisted selection.
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CHAPTER 3
IDENTIFICATION OF GENETIC MARKERS ASSOCIATED WITH FORAGE QUALITY
CHARACTERISTICS IN LEWIS X KARL BARLEY LINES
Abstract
With the exception of maize, very little research has been conducted in annual forages
for the improvement of forage quality. Barley is more suited to Montana’s environment than
maize and is an excellent plant model to examine the genetic control of forage quality traits.
The objectives of this research are to: (1) to determine if forage quality characteristics vary
among barley genotypes, (2) to determine if there are quantitative trait loci (QTL) associated
forage quality traits in barley, (3) to determine if variation in forage quality characteristics
among barley lines are heritable. A 6-rowed barley population of Lewis x Karl RIL lines
were used to identify quantitative trait loci (QTL) for forage quality traits in barley. The 146
lines were grown in 2 replications of a randomized complete block design under dryland
conditions. The experimental unit was entry within block. Forage samples were collected at
plant anthesis and at peak forage yield. A 0.15 m sample of 1 row was clipped at stubble
height and dried at 60°C for 48 h. Dry matter forage yield (FY) was determined. Forage
samples were ground to pass a 5-mm screen. In situ DM digestibility (ISDMD) at 48 h was
determined. A sub-sample of each line was evaluated for NDF, ADF, N, and NO3-N.
Substantial genetic variation in forage quality traits was present in the 146 Lewis x Karl RIL
barley population. Moderate levels of heritability were seen for NO3-N and ISDMD were
seen at the peak forage yield stage of maturity (h2 = 52 and 55%, respectively). This study
indicated that QTL models explained about 41%, of total phenotypic variation in NO3-N

64

concentration.

Two QTL controlling variation in NO3-N content were detected on

chromosomes 3H and 6H. The QTL, Qno3a3a and Qno3a6a, explained approximately 13.5
and 27.3%, respectively of the variation. If selections were made at the anthesis stage of plant
maturity for improved ISDMD subsequently there would be an increase NO3-N, which
would be undesirable. Selection for improved ISDMD at peak forage yield may not lead to
increased NO3-N levels. It would be advantageous to make selections based on peak forage
yield values.
Key words: Barley, Forage quality, QTL, nitrate
Introduction
With the exception of maize, very little research has been conducted in annual forages
for the improvement of forage quality. A natural mutation, the brown-midrib trait resulted in
reduced lignifications, reduced cell-wall concentration, increased digestibility and increased
intake of maize feed by ruminants (Casler et al., 2003). However, improvements in feeding
value with the brown-midrib trait have had its negative effects on yield, maturity and
lodging. Without corresponding improvements in yield commercial acceptance will be
limited.
The genetic basis of forage maize digestibility traits and their relationship to yield is
poorly documented (Mechin et al., 2001). In a series of studies, Lubberstedt et al. (1997a;
1997b; 1998) mapped QTL of forage yield and quality traits in testcrosses of flint lines of
maize and then across other populations. These authors found QTL for starch yield and CP
but there were no consistent QTL for IVDMD and ADF across tester lines. There was no
consistency across populations in the QTL analysis and suggested that QTL mapping must be
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performed separately for each population. In another study, Cardinal et al. (2003) found that
NDF and ADF mapped to similar regions and therefore suggested that only 1 analysis would
be necessary to use in genetic mapping of fiber content in forage maize.
Barley is best suited to Montana’s environment and is an excellent plant model to
examine the genetic control of forage quality traits. Annually, Montana farmers seed
approximately 1 million acres to barley (Montana Agricultural Statistics Service, 2005). In
addition, numerous genetic mapping barley populations exist and are available to researchers
(Kleinhofs et al., 1993, Hayes et al., 1993, See et al., 2002). Very little emphasis has been
placed on selection for improved forage quality in forage barley breeding programs. Instead,
these programs have focused on awnlessness and yield. Despite the importance of forage
quality traits to animal performance, forage quality characteristics have not been used as
selection criterion in barley breeding programs. The objectives of this research are to: (1) to
determine if forage quality characteristics vary among barley genotypes, (2) to determine if
there are quantitative trait loci (QTL) associated forage quality traits in barley, (3) to
determine if variation in forage quality characteristics among barley lines are heritable.
Materials and Methods
Plant Resources
One hundred forty-six F5-dervived RIL from a Lewis x Karl cross were utilized to
determine forage quality.

A medium density linkage map was developed in the RIL

population of 146 lines (See, 2000). ‘Lewis’ has normal grain protein percentage and was
released in 1985 (Hockett et al. 1985). ‘Karl’ has low stable grain protein (Wesenberg et al.,
1976). These experimental lines show a wide range of variation for many production and
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morphological characteristics but forage quality had yet to be evaluated. This experimental
population was developed to generate new genotypes with similar grain protein
characteristics as Karl using marker assisted selection. The parents in the cross are Lewis
(Hockett et al., 1985) and Karl (Wesenberg et al., 1976). Lewis, a 2-rowed cultivar, is
commonly grown in Montana. Karl is 6-rowed cultivar which produces grain with low stable
grain protein. Most barley varieties are highly responsive to fertilizer and drought stress with
respect to grain protein content, however, the grain barley variety, Karl, has been shown to
be relatively unresponsive (Burger et al., 1979). Under many different environmental
conditions, Karl produces grain with low stable grain protein (Weston et al., 1993). It is
reasonable to think that grain protein has some impact on NO3-N accumulation and
assimilation in the whole plant.
In 1999 and 2000, F7 and F8 plots were planted at the A. H. Post Research Farm,
Bozeman, MT. The 146 Lewis x Karl lines were grown in 2 replications of a randomized
complete block design under dryland conditions. Four-row plots were 3 m in length and
spaced 0.3 m apart. The A. H. Post Agronomy farm at Montana State University has
Amsterdam silty loam (fine-silty, mixed, super active Typic Haploboroll) soil characteristics.
Forage Quality Estimations
Forage samples were collected at 2 stages of maturity; plant anthesis and at peak
forage yield. At anthesis, plots should be at the highest forage quality while plots at peak
forage yield would be lower in forage quality. As the whole barley plant matures it will
change in chemical composition (i.e., decrease in fiber, protein, NO3-N, and digestibility).
This change in plant physiology may impact the relationship between the trait (lab analysis)
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and the associated QTL. At each stage of maturity, overall plant maturity was determined by
a subjective average score of all the plots in the experiment. A 0.15 m hand clip sample of 1
row was cut at stubble height and dried at 60°C for 48 h. Dry matter forage yield (FY) was
estimated using the following equation: FY, t/ha = [(DM wt of clip sample (g) x
87,120)/1,000,000] x 2.2. Forage samples were ground to pass a 5-mm screen in a Wiley
mill. Duplicate nylon bags (50 µm pore size) containing approximately 5 g of each barley
genotype were incubated in the rumen of 2 cannulated cows for 48 h (4 bags for each
genotype at each time point, 2 bags per cow). The Montana State University Institutional
Animal Care and Use Committee approved all experimental protocols. Cows were adapted to
a diet consisting of grass/legume hay for approximately 21 d. An adaptation period allows
the rumen microbial population to change to match the feed being consumed. One empty bag
was included each incubation run as a "blank" to measure microbial contamination and influx
of particulate material. One standard bag containing straw was included each incubation run
per cow. The standard was used to assess any significant methodology changes from run to
run. No changes were noted. After removal from the rumen, the bags were dried in a forced
air oven at 60°C for 48 h. In situ DM digestibility (ISDMD) was calculated according to the
following equation: ISDMD% = 100-{[(dry sample and bag wt. out - bag weight) - (blank
bag wt. out – blank bag wt. in)]/ (sample wt. in* DM) *100}. A sub-sample of each line was
ground to pass a 0.5-mm screen and evaluated in duplicate for NDF and ADF (Van Soest et
al., 1991) using procedures modified for use in an Ankom 200 fiber analyzer (Ankom
Technology, Macedon, NY), N (Leco FP-328, Leco Corp., St. Joseph, MI) and NO3-N
(AOAC, 2000). Samples were replicated twice for DM, NDF, ADF, N and NO3-N. NonNO3-N was calculated by difference between total N and NO3-N concentration. Laboratory
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samples were reanalyzed when the sample coefficient of variance was 0.5% or greater for
DM, 3% or greater for NDF and ADF, 2% or greater for N, 3% or greater for NO3-N, and
10% or greater for ISDMD.
Simple trait correlation analysis was carried out for yield and all forage quality
characteristics using means averaged over years and PROC CORR procedure in SAS (SAS
Inst. Inc., Cary, NC). Heritability on entry means averaged over years was estimated as
narrow sense heritability (Knapp et al., 1985); h2 = 1 – (MS Error/MS Entry).
QTL Analysis
Data were analyzed to determine if significant variation existed among lines within
the RIL population. Entry within replication was the experimental unit for the randomized
complete block design experiment where block was replication. When genotype effects were
detected (P < 0.10), QTL analyses were performed. The linkage dataset utilized was
developed by Dr. Tom Blake’s laboratory at Montana State University. Windows QTL
Cartographer 2.0 (Wang et al., 2004) was used for QTL analysis. A series of 1000
permutations were run to determine the experiment-wise significance level at P = 0.05 of
logarithm of the odds ratio (LOD) for the trait (Churchill and Doerge, 1994). Composite
interval mapping (CIM) was employed to detect QTL and estimate the magnitude of their
effects (Jansen and Stam, 1994; Zeng 1994) using Model 6 of the Zmapqtl program module.
The genome was scanned at 2-cM intervals and the window size was set at 10 cM. Cofactors
were chosen using the forward-backward method of stepwise regression. The percentage of
phenotypic variance explained by a specific QTL value (R2) was taken as the peak QTL
position as determined by QTL cartographer. Total phenotypic variance (R2) was calculated
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using multiple locus models based on type III sums of squares of the general linear models
(GLM) procedure of SAS (SAS Inst. Inc., Cary, NC) using the closest marker locus to QTL
model identified by CIM and possible epistatic interaction between each marker pairs.
Results and Discussion
Phenotypic Variation
The effects of entry, year, replicate, replicate within year and entry x year interactions
on DM yield and forage quality traits at anthesis and peak forage yield stages of maturity are
presented in Table 8.
At the anthesis stage of maturity there was a replicate within year effect (P < 0.01) for
DM yield, DM, ADF, and ISDMD. Forage DM yield and DM were unaffected (P > 0.05) by
entry. However, ADF was affected (P < 0.001) by entry. Forage NDF and NO3-N at the
anthesis stage of maturity were influenced (P < 0.01) by replicate and entry x year
interaction. There was an entry x year interaction (P < 0.001) for ISDMD at the anthesis
stage of maturity. Entry, year, and replicate effected (P < 0.01) N and non-NO3-N at anthesis.
At the peak forage yield stage of maturity replicate within year affected (P < 0.01)
DM yield and DM. There was no effect (P > 0.09) of entry on DM yield and DM. Entry,
year, and replicate effected (P < 0.01) NDF at peak forage yield. Forage ADF and N was
affected (P < 0.05) by entry x year interaction and replicate within year. There was an entry
x year interaction (P = 0.014) for non-NO3-N at the peak forage yield stage of maturity.
Forage NO3-N and ISDMD were affected (P < 0.05) by entry and replicate nested within
year.
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Genetic differences and their interaction with the environment cause different
phenotypic expression among plants within populations and among populations, providing
the basis for selection pressure on desirable plant phenotypes. Other species have seen
similar variation in forage quality traits including alfalfa (Jung et al., 1997) and maize (Jung
et al., 1998). Jung et al. (1998) suggested that the variation present in maize inbred lines
showed good potential for producing silage maize hybrids with improved fiber digestion.
The Lewis x Karl RIL population means, ranges, associated standard deviations, and
coefficients of variation for forage quality traits at plant anthesis and peak forage yield stages
of maturity are presented in Table 9. At the plant anthesis sampling, population N ranged
from 1.9 to 2.7% (CV = 6.0%), NO3-N ranged from 0.09 to 0.35% (CV = 26.8%), and nonNO3-N ranged from 1.7 to 2.5% (CV = 5.7%). At peak forage yield, NO3-N ranged from
0.06 to 0.25% (CV = 27.6%). Our mean NO3-N levels at plant anthesis and at peak forage
yield were 0.19% and 0.13%, respectively. Toxic NO3-N values are considered 0.12% and
higher for pregnant beef cattle and should be diluted with other forages (Cash et al., 2002).
Some of our NO3-N levels could potentially induce NO3-N poisoning. Nitrates are highly
variable and are sensitive to within plant factors like genetics and factors controlled by the
environment (Cardenas-Navarro et al., 1999). At the peak forage yield sampling, ISDMD
ranged from 67.5 to 77.8% (CV = 3.0%).
Correlation Analysis
Simple correlation analysis was conducted to examine the relationships between
yield, chemical composition traits (NO3-N, NDF, ADF and protein content) and other feed
quality traits such as ISDMD (Table 10). All trait correlations at the anthesis sampling were
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positive. At the anthesis stage of maturity, correlation analysis indicated that there was a
strong positive relationship between DM yield and NDF and DM yield and ADF (r = 0.66, P
< 0.001; r = 0.51, P < 0.001). While at peak forage yield this relationship was less important
(r = 0.38, P < 0.001; r = 0.34, P < 0.001)). Barley lines with lower fiber content had lower
DM yields. In some perennial forages, a similar positive relationship between yield and fiber
has been noted (Casler, 2005). Fiber makes up the majority of plant dry matter and provides
the architectural framework for the accumulation of dry matter in stems and leaves (Casler et
al., 2005). At anthesis, ISDMD was positively correlated with ADF (r = 0.14, P = 0.001) and
NDF (r = 0.19, P < 0.001). At peak forage yield ISDMD had a much weaker relationship to
these traits (r = -0.19, P < 0.001; r = 0.12, P = 0.005, respectively). Forages with high NDF
and ADF typically will have negative influence on animal intake and energy concentration,
and digestibility of the forage (Mertens 1987; Reid et al., 1988). However, in cereal forages
as the portion of grain increases in the whole barley plant (i.e., plant maturity) digestibility
should improve and fiber content decrease. An increase in energy and intake for barley
forage crops could result in greater animal performance and higher animal efficiency. This
in turn would result in more profitability for both the livestock and crop producer.
Additionally, ISDMD was positively correlated with N (r = 0.43, P < 0.001) at anthesis,
while at peak forage yield the relationship became negative (r = -0.16, P = 0.001).
Microorganisms such as bacteria, protozoa, fungi are responsible for DM digestion in the
ruminant animal. Microbial growth and subsequent digestion of DM in the rumen is
dependent upon rumen degradable protein originating in the forage being fed. Microbes need
protein to build their own cells. Nitrogen was positively correlated (r = 0.62, P < 0.001) with
NO3-N and with ADF(r = 0.30, P < 0.001) at anthesis. Total N is made up of animo-N and
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NO3-N therefore because the barley plant is actively growing this positive relationship
between N and NO3-N is expected. The roots of young plants remove NO3-N from the soil
and the plant converts NO3-N to plant protein. However, as plants mature and begin to
senescence the relationship should be less important unless there are some genetic or
environmental factors contributing to the accumulation of NO3-N.

At both anthesis and

peak forage yield stages of maturity NO3-N was positively correlated to NDF (r = 0.50, P <
0.001; r = 0.35, P < 0.001) and ADF (r = 0.31, P < 0.001; r = 0.24, P < 0.001). Under
adequate moisture conditions it is unlikely there would be a strong positive or negative
relationship between NO3-N and fibrous components. On the other hand, if there are stress
factors that impair the plants ability to convert NO3-N to protein, NO3-N accumulates.
Drought or water stress can actually decrease the fiber content and therefore improving
forage quality while heat stress can increase the fiber content which reduces forage quality.
The Lewis x Karl RIL lines were grown under dryland conditions which would increase the
potential for drought stress. At plant anthesis, there was a positive correlation between NO3N and ISDMD (r = 0.25, P < 0.001). Microorganisms in the rumen are responsible for the
conversion of NO3-N to microbial protein. Anderson and Rasmussen (1998) used NO3-N to
redirect the flow of reducing substrates (hydrogen or formate) in the rumen away from
methanogensis into alternative electron sinks (NO3-N) resulting in an substantial decrease in
methane production. Russell (2002) stated that continuous cultures of ruminal
microorganisms that were treated with NO3-N produced less methane and bacterial biomass
tended to increase microbial growth. There may be a stimulatory effect of NO3-N on
microbial growth. Additionally, this may be one of the reasons why ruminants are able to
rapidly adapt to high NO3-N forages. If selections were made at this stage of plant maturity
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for improved ISDMD subsequently there would be an increase NO3-N, which would be
undesirable. However, at peak forage yield there was no relationship between ISDMD and
NO3-N (r = -0.06, P = 0.159). It would be advantageous to make selections for ISDMD and
NO3-N based on peak forage yield values.
QTL Analyses
A previously constructed linkage map, using the 146 genotypes of the Lewis x Karl
RIL barley population (See, 2000), was used to determine the chromosomal locations of
gene(s) controlling variation in chemical composition and digestibility of barley forage. The
QTL analyses used means from a dataset combined over years (1999 and 2000).
There were a similar number of QTL detected for yield, chemical composition, and
forage ISDMD at peak forage yield compared to the anthesis stage of maturity (15 vs. 14).
Peak forage yield samples explained more variation than samples taken at the anthesis stage
of maturity for DM, NDF, NO3-N, and Non-NO3-N. However, anthesis samples explained
more variation than peak forage yield samples for DM yield, ADF, N, and ISDMD.
Major QTL were identified for DM yield, NDF ADF, N, NO3-N, non-NO3-N, and
ISDMD at plant anthesis (Table 11 and Appendix B). This study indicated that QTL models
explained about 41%, of total phenotypic variation in NO3-N concentration. Two QTL
controlling variation in NO3-N content were detected on chromosomes 3H and 6H. The QTL,
Qno3a3a and Qno3a6a, explained approximately 14 and 27% of the variation, respectively.
In a study using the same Lewis x Karl RIL barley population Mickelson et al. (2003) found
QTL for flag leaf NO3-N concentration at the same marker locations on chromosomes 3H
and 6H. It is interesting to note that our NO3-N concentration QTL corresponded with those
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of Mickelson et al. (2003). Although plant materials were collected at the same stage of
maturity, different nitrate analyses were used and the type of plant material was different
(whole plant vs. flag leaves). A large portion of NO3-N variation can be explained genetically
and therefore could be explored to develop reduced NO3-N accumulating barley cultivars.
Two QTL were detected on the same chromosomes for N content at anthesis. The 2 QTL,
Qna3a and Qna6a, controlled 22 and 12% of the variation, respectively. There 3 QTL
detected for non-NO3-N on chromosome 2H, 3H, and 7H controlling approximately 27% of
the variation. Nitrogen and non-NO3-N markers, however, are not at the same location as
ones for NO3-N. This indicates that NO3-N concentration could be selected for independently
of N content. This would allow breeders to select for reduced NO3-N content without
negatively impacting total or amino plant N. Mickelson et al. (2003) found QTL for total
flag leaf N content on chromosomes 1H and 6H. Our QTL, Qna6a, and the QTL of
Mickelson et al., (2003) were identified on chromosome 6H, however, QTL were located
near different markers (HVM74 vs. acgc132). The QTL Qna6a is located on the satellite or
short arm of chromosome 6H. The marker HVM74 is an simple sequence repeat (SSR)
marker and is positioned near the nuclear organizer and is nearest to a grain protein QTL
reported by See et al., (2002). Obviously, the region around HVM74 on chromosome 6H is
very important in partitioning plant N. It is likely there is a relationship between grain
protein deposition and N accumulation and incorporation into the barley plant as a whole.
Models explained approximately 25% of the total variation in ISDMD at anthesis. Two
QTL, Qdmda4a and Qdmda7a, were detected on chromosomes 4H and 7H.

Neutral

detergent fiber and ADF content shared a QTL, Qndfa2a and Qadfa2a, at marker HVM62.
These QTL controlled approximately 7 and 10% of the variation, respectively. These data
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agree with Cardinal et al. (2003) who found that NDF and ADF mapped to similar regions.
However, there were 2 additional QLT for ADF on chromosome 3H and 7H that controlled 7
and 8% of the variation for this trait, respectively. Cardinal et al. (2003) suggested that only 1
detergent fiber analysis would be necessary to use in genetic mapping of fiber content in
forage maize. It appears that either NDF or ADF would be necessary for QTL mapping in
barley as well. Two QTL were detected for DM yield on the chromosomes 3H and 4H and
explained 15% of the total variance. No QTL were detected for DM content.
At peak forage yield stage of maturity, major QTL were identified for DM, NDF,
ADF, NO3-N, non-NO3-N, and ISDMD (Table 12 and Appendix B). No QTL were present
for DM yield and N. Models explained approximately 62% of the total variation in NO3-N
concentration at peak forage yield. Three QTL controlling variation in NO3-N content were
detected on chromosomes 3H, 5H and 6H. These QTL, Qno3p3a, Qno3p5, and Qno3p6a,
explained approximately 20, 10, and 33% of the variation, respectively. The QTL at actt298
accounts for half of the variation in NO3-N content at both anthesis and peak forage yield
stages of maturity. Mickelson et al., (2003) reported that marker actt298 on chromosome 6
had QTL for leaf NO3-N at anthesis and mid-grain fill, soluble α-NH2 and total leaf N at midgrain fill. It appears that the region around marker actt298 on chromosome 6H plays a
significant role in controlling not only leaf N acquisition and accumulation but total plant
NO3-N accumulation. There were 3 QTL identified for non-NO3-Non chromosome 2H, 4H,
and 7H controlling 43% of the variation for this trait. The QTL, Qnonp4a, controlled
roughly half of the variation or 24%.

The QTL for non-NO3-N were in a different

chromosomal location from the QTL for NO3-N. This means that selection for improved
NO3-N can be made without adversely impacting animo-N (non-NO3-N). In situ DM
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digestibility mapped to a region of chromosome 4 near marker HVM68 (Qdmdp4a). This
QTL accounts for 6% of the variation in ISDMD and mapped to the same marker location as
the anthesis sampling. The variation explained by QTL for ISDMD at both anthesis and peak
forage yield are, in general, lower than the other yield and chemical composition traits. One
concept to keep in mind is that ISDMD not only is influenced by genotype but also by the
rumen microorganisms and ruminal digestive environment. Similar to the anthesis sampling,
NDF and ADF content shared a QTL, Qndfp2a and Qadfp2a, at marker actg422 on
Chromosome 2H which accounted for 12 and 10% of the phenotypic variance explained by
the QTL. It appears that QTL from both stages of maturity would support Cardinal et al.
(2003) theory that only 1 analysis would be necessary to use in genetic mapping of fiber
content.
Heritability Analyses
Genetic variation and narrow-sense heritability (h2) was estimated for the Lewis x
Karl RIL barley population at anthesis and peak forage yield stages of maturity using the
equations developed by Knapp et al. (1985; Table 13). Traits with h2 above 0.7 are highly
heritable, traits with h2 between 0.5 and 0.7 are moderately heritable, and traits with h2 0.2 to
0.4 are lowly heritable. Heritability provides an estimate of how much variability is due to
genetic and environmental factors. Also included in Table 7 are 90% confident intervals (CI)
for h2. The CI is an estimate of the precision of the h2 calculation.
In general, h2 was highest at the anthesis stage of maturity when compared to peak
forage yield. At anthesis, h2 was moderately heritable for NDF, NO3-N, N, and ISDMD and
lowly heritable for DM yield, DM ADF, non-NO3-N. At peak forage yield, only NO3-N and
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ISDMD were moderately heritable while all other traits were lowly heritable. These results
are promising for forage barley breeders that wish to select for lines with low NO3-N and
high ISDMD. Casler and Vogel (1999) noted heritability scores of 30% and greater for
IVDMD in seven forage crops. Mickelson et al. (2003) found heritable of flag leaf NO3-N
concentration to be only 0.19. Heritability estimates for crested wheatgrass according to Ray
et al. (1996) for IVDDM, crude protein, NDF, ADF, and hemicellulose were 50, 53, 63, 68,
and 72%, respectively. It appears if selection progress is to be made breeders will have to
select for forage quality traits at early stages of maturity.
Implications
Substantial genetic variation in forage quality traits was present in the 146 Lewis x
Karl RIL barley population. If selections were made at the anthesis stage of plant maturity
for improved ISDMD subsequently there would be an increase NO3-N, which would be
undesirable. Selection for improved ISDMD at peak forage yield may not lead to increased
NO3-N levels. It would be advantageous to make selections based on peak forage yield
values. Moderate levels of heritability were seen for NO3-N and ISDMD at the peak forage
yield stage of maturity. Quantitative trait loci analysis indicates that NO3-N concentration
can be selected for independently and improvements can be made without adversely affecting
other traits. These forage quality characteristics could be used in a selection program for
superior forage quality barley.
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CHAPTER 4
SUMMARY AND CONCLUSIONS
The Steptoe x Morex DH barley population experiment had sizeable genetic variation
in forage quality.

At peak forage yield, NO3-N was negatively correlated to ISDMD.

Whereas at anthesis, this relationship was weak. If selections were made based on peak
forage yield values for improved ISDMD there would be a subsequent decrease in NO3-N.
There were 2 QTL locations on chromosome 7H in common between NDF and ADF at
ABC158 and MWG836. Other researchers have also found NDF and ADF mapped to
similar regions in forage maize. These data suggest that only 1 of the detergent fiber
analyses would be necessary in QTL detection. Three QTL controlling variation in NO3-N
concentration were found on chromosomes 2H, 4H, and 5H. The QTL (Qno3a2a, Qno3a4a,
and Qno3a5a) explained approximately 9, 11, and 6% of the variation explained by the QTL,
respectively. The QTL, Qno3a4a, is in close proximity to marker Dhn6. Marker Dhn6 has
been associated with the dehydrin gene family. Dehydrins are proteins frequently induced by
stressors such as dehydration and low temperatures. Plant stressors such drought or frost has
an impact on NO3-N accumulation. Fewer QTL were detected for chemical composition and
forage digestibility traits at the peak forage yield stage of maturity when compared to the
anthesis sampling (32 vs. 10). Additionally, models explained less phenotypic variation when
compared to the anthesis stage of maturity sampling. At peak forage yield, the QTL for NO3N was located at markers on a different region of chromosome 2H than QTL for N and nonNO3-N and this indicates that NO3-N could be selected for independently of other N
components. There were 2 QTL locations on chromosome 7H in common between NDF and
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ADF at anthesis; this would suggest that only NDF or ADF would be necessary in QTL
detection. At anthesis, h2 was highly heritable for NDF, N, non-NO3-N, and ISDMD;
moderately heritable for ADF; and lowly heritable for DM yield, DM, ADF, and NO3-N. At
peak forage yield, all traits were lowly heritable. It appears if selection progress is to be made
breeders will have to select for forage quality traits at early stages of maturity. This research
has provided the identification and mapping of QTL for barley forage quality and will allow
deployment of genes for improved forage quality via marker-assisted selection.
In the Lewis x Karl RIL barley population experiment there was substantial genetic
variation in forage quality traits was present. If selections were made at the anthesis stage of
plant maturity for improved ISDMD subsequently there would be an increase NO3-N, which
would be undesirable. Selection for improved ISDMD at peak forage yield may not lead to
increased NO3-N levels. It would be advantageous to make selections based on peak forage
yield values. Two QTL controlling variation in NO3-N content were detected on
chromosomes 3H and 6H. The QTL, Qmo3a3a and Qno3a6a, explained approximately 14
and 27% of the variation explained by the QTL, respectively. Other Montana State
University research using the same Lewis x Karl RIL barley population found QTL for flag
leaf NO3-N concentration at the same marker locations on chromosomes 3H and 6H. Two
QTL were detected on the same chromosomes for N content and explained about 33% of the
total variation. These markers, however, are not at the same location as ones for NO3-N.
This indicates that NO3-N concentration could be selected for independently of N content.
Moderate levels of heritability were seen for NO3-N and ISDMD were seen at the peak
forage yield stage of maturity (h2 = 52 and 55%, respectively). Neutral detergent fiber and
ADF content shared a QTL, Qndfa2a and Qadfa2a, at marker HVM62.

Three QTL
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controlling variation in NO3-N content were detected on chromosomes 3H, 5H and 6H. It
appears that the region around marker actt298 on Chromosome 6H plays a significant role in
controlling NO3-N concentration. It accounts for half of the variation in NO3-N content at
both anthesis and peak forage yield stages of maturity. In situ DM digestibility mapped to a
region of chromosome 4 near marker HVM68 (Qdmdp4a).

It accounts for 6% of the

variation in ISDMD. Digestibility mapped to the same marker at anthesis and peak forage
yield stages of maturity.

Again, NDF and ADF content shared a QTL, Qndfp2a and

Qadfp2a, at marker actg422 on Chromosome 2H which accounted for 12 and 10% of the
phenotypic variance explained by the QTL.
It is interesting to note that linkage maps created for Lewis x Karl RIL barley
population and the Steptoe x Morex DH population have very few genetic markers in
common. Major QTL were found in the Steptoe x Morex DH population for DM, NDF,
ADF, N, NO3-N, non-NO3-N, and ISDMD. At the anthesis stage of maturity, the Steptoe x
Morex DH population did not have QTL in common on any of the same chromosomes as the
Lewis x Karl lines did. At peak forage yield stage of maturity, there were again no
commonality between the 2 populations. Bowman and Blake (1997) compared 2 barley
populations and found that Chromosome 4 carried genes important in feed grain quality.
These genes were not in the same location on chromosome 4. Because the Lewis x Karl RIL
and the Steptoe x Morex populations are derived from different germplasm pools it is
unlikely that the same genes contribute to the variation for forage quality traits. This is
supported by the findings of Lubberstedt et al. (1998) who mapped QTL of forage yield and
quality traits across maize populations and found no consistency across populations in the
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QTL analysis. They suggested that QTL mapping must be performed separately for each
population.
The Steptoe x Morex DH and the Lewis x Karl RIL experiments has identified
characteristics that can be used in a selection program for superior forage quality barley.
This research has provided the identification and mapping of QTL for barley forage quality
based on the Steptoe x Morex DH barley population and the Lewis x Karl RIL barley
population, and will allow deployment of genes for improved forage quality via markerassisted selection.
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Table 2. Effects of entry, year, rep and their interactions on forage quality traits from the Steptoe x Morex
double haploid (DH) barley population at anthesis and peak forage yield stages of maturity
Variable
Ea
Anthesis
DM yield, t/ha
0.335
DM, %
0.023
NDF, %
<0.001
ADF, %
<0.001
0.002
NO3-N, %
N, %
<0.001
<0.001
Non-NO3-N, %
ISDMD, %
<0.001
Peak forage yield
DM yield, t/ha
0.071
DM, %
0.247
NDF, %
0.063
ADF, %
0.015
0.011
NO3-N, %
N, %
0.137
0.080
Non-NO3-N, %
ISDMD, %
0.115
a
Main effects of entry.
b
Main effects of year.
c
Main effects of replicate.
d
Entry x year interaction effects.
e
Replicate nested within year effects.

Yb

Statistics analysis (P – value)
Rc
E xYd

R(Y)e

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.125
0.001
0.001
<0.001
0.488
0.516
0.635
<0.001

0.417
0.450
0.059
0.313
0.054
0.007
0.010
0.001

0.515
<0.001
0.037
<0.001
<0.001
0.197
0.714
0.001

<0.001
0.727
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.965
0.057
0.002
0.927
0.018
0.111
0.623
0.007

0.203
0.021
0.009
0.040
0.119
0.122
0.170
0.578

0.803
0.348
<0.001
<0.001
0.054
0.013
0.001
0.028

Table 3. Simple statistics of forage quality traits for entries from the Steptoe x Morex double haploid (DH)
barley population at the anthesis and peak forage yield stages of maturity
Variable
n
Min.
Max.
Mean
C.V.
S. D.
Anthesis
DM yield, t/ha
145
2.84
6.21
4.55
14.47
0.66
DM, %
145
93.46
95.38
94.59
0.42
0.39
NDF, %
145
48.29
61.16
55.75
4.97
2.77
ADF, %
145
27.17
34.86
31.35
5.15
1.61
145
0.21
0.54
0.31
17.80
0.06
NO3-N, %
N, %
145
2.31
3.50
2.75
8.81
0.24
145
2.09
3.04
2.44
8.96
0.22
Non-NO3-N, %
ISDMD, %
145
68.29
81.31
75.17
4.03
3.03
Peak forage yield
DM yield, t/ha
145
7.27
14.94
10.60
15.46
1.64
DM, %
145
92.95
95.11
94.10
0.40
0.38
NDF, %
145
36.42
52.11
43.15
7.21
3.11
ADF, %
145
17.45
30.92
22.73
10.77
2.45
145
0.04
0.32
0.15
37.45
0.06
NO3-N, %
N, %
145
1.36
2.36
1.58
7.12
0.11
145
1.17
2.22
1.43
8.04
0.12
Non-NO3-N, %
ISDMD, %
145
60.30
73.09
66.97
3.74
2.50
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Table 4. Simple trait correlations for forage quality traits in the Steptoe x Morex double haploid (DH) line
barley population at anthesis and peak forage yield stage of maturity
DM yield,
Non-NO3-N,
Variable
DM, %
NDF, %
ADF, %
NO3-N, %
N, %
t/ha
%
Anthesis
DM, %
r*=
-0.7004
P-value =
<0.001
NDF, %
r=
-0.5566
0.5296
P-value =
<0.001
<0.001
ADF, %
r=
-0.5048
0.4899
0.8064
P-value =
<0.001
<0.001
<0.001
NO3-N, %
r=
0.8295
-0.7126
-0.6744
-0.5987
P-value =
<0.001
<0.001
<0.001
<0.001
N, %
r=
0.6184
-0.6033
-0.8399
-0.7256
0.8100
P-value =
<0.001
<0.001
<0.001
<0.001
<0.001
Non-NO3-N, %
r=
0.3643
-0.4169
-0.7828
-0.6660
0.5323
0.9276
P-value =
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
ISDMD, %
r=
0.0640
-0.1292
-0.5394
-0.3736
0.1713
0.4973
0.6090
P-value =
0.126
0.002
<0.001
<0.001
<0.001
<0.001
<0.001
Peak forage yield
DM, %
r=
0.0597
P-value =
0.151
NDF, %
r=
0.4285
0.2133
P-value =
<0.001
<0.001
ADF, %
r =
0.4328
0.2267
0.9142
P-value =
<0.001
<0.001
<0.001
NO3-N, %
r =
0.6722
0.1938
0.6871
0.6876
P-value =
<0.001
<0.001
<0.001
<0.001
N, %
r =
0.4779
0.0136
0.1630
0.1579
0.4990
P-value =
<0.001
0.744
<0.001
<0.001
<0.001
Non-NO3-N, %
r =
0.1478
-0.1014
-0.2250
-0.2311
-0.0247
0.8539
P-value =
<0.001
0.015
<0.001
<0.001
<0.001
<0.001
ISDMD, %
r =
-0.6296
0.0790
-0.3875
-0.3688
-0.5228
-0.3713
-0.1147
P-value =
<0.001
0.057
<0.001
<0.001
<0.001
<0.001
<0.001
* r = Pearson’s correlation coefficient, n = 145.
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Table 5. Quantitative trait loci (QTL) for forage quality traits identified by composite interval mapping for
Steptoe x Morex double haploid barley (DH) population at anthesis
Item
QTL Name
Chrom
Nearest Marker
QTL
LOD
Allelic
R2c
Total
a
b
Name
Position
Score
Effect
R2d
Yield, t/ha
No QTL present
DM, %
Qdma2a
2(2H)
ABG358
43.31
9.61
0.23
23.43
43.35
Qdma2b
2(2H)
Adh8
62.01
2.86
-0.15
8.19
Qdma7a
1(7H)
Brz
54.71
2.84
0.10
6.28
Qdma7b
1(7H)
ABG652
148.61
2.51
-0.10
5.45
NDF, %
Qndfa2a
2(2H)
ABC156A
38.61
26.36
1.96
49.32
67.07
Qndfa4b
4(4H)
MWG635a
43.01
3.70
-0.63
5.21
Qndfa4d
4(4H)
ABG397
134.01
2.84
-0.54
3.61
Qndfa7a
1(7H)
ABC158
40.21
3.07
0.56
4.01
Qndfa7b
1(7H)
MWG836
48.21
3.81
0.62
4.92
ADF, %
Qadfa1a
5(1H)
ABR337
67.01
3.48
0.42
6.27
59.85
Qadfa1b
5(1H)
cMWG706A
116.01
3.38
-0.42
6.25
Qadfa2a
2(2H)
MWG858
40.61
14.39
0.92
31.03
Qadfa7a
1(7H)
ABC158
40.21
4.68
0.48
8.59
Qadfa7b
1(7H)
MWG836
48.21
4.17
0.46
7.71
NO3-N, %
Qno3a2a
2(2H)
Adh8
64.01
3.70
0.02
9.38
26.96
Qno3a4a
4(4H)
MWG635a
43.01
4.80
0.02
11.35
Qno3a5a
7(5H)
ABC706
65.71
2.81
0.01
6.23
N, %
Qna2a
2(2H)
ABC156A
38.61
24.79
-0.17
47.28
62.13
Qna4a
4(4H)
BCD402B
33.71
7.75
0.08
10.96
Qna7a
1(7H)
WG789A
24.11
2.98
-0.05
3.89
Non-NO3-N, %
Qnona1a
5(1H)
Cab2
140.91
2.93
0.04
3.01
78.57
Qnona2a
2(2H)
ABC156A
38.61
31.25
-0.17
56.72
Qnona4a
4(4H)
BCD402B
33.71
5.52
0.06
6.51
Qnona5a
7(5H)
BG123b
64.91
2.57
0.05
2.88
Qnona5b
7(5H)
ABC302
81.61
5.43
-0.08
6.39
Qnona7a
1(7H)
ABC158
40.21
2.72
-0.04
3.06
ISDMD, %
Qdmda2a
2(2H)
ABC156A
38.61
32.52
-3.21
58.57
82.31
Qdmda2b
2(2H)
CDO474B
70.31
4.63
1.00
5.56
Qdmda3a
3(3H)
ABG654
176.21
3.05
-0.68
3.22
Qdmda4a
4(4H)
ABG054
126.01
5.64
1.00
6.81
Qdmda5a
7(5H)
ABG496
170.01
5.08
0.95
6.13
Qdmda7a
1(7H)
dRcs1
30.21
4.24
-0.85
5.02
a
QTL position in cM.
b
Peak value of the LOD.
c
Proportion of phenotypic variance explained by the QTL.
d
Total phenotypic variance explained by the model.
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Table 6. Quantitative trait loci (QTL) for forage quality traits identified by composite interval mapping for Steptoe x Morex
double haploid (DH) barley population at peak forage yield
LOD
Allelic
R2c
Total R2d
Item
QTL Name
Chrom
Nearest Marker
QTL
Scoreb
Effect
Name
Positiona
Yield, t/ha
No QTL present
DM, %
No QTL present
NDF, %
Qndfp2a
2(2H)
ABG358
45.31
5.72
-1.46
15.36
15.36
ADF, %
Qadfp2a
2(2H)
MWG858
40.61
6.74
-1.29
14.29
21.23
Qadfp2b
2(2H)
WG996
72.81
2.79
0.90
6.94
NO3-N, %
Qno3p2a
2(2H)
ABG008
26.51
2.70
0.02
6.63
6.63
N, %
Qnp2a
2(2H)
MWG858
40.61
2.81
-0.03
6.63
12.85
Qnp5a
7(5H)
CDO669B
44.61
2.64
-0.03
6.22
Non-NO3-N, %
Qnonp2a
Qnonp5a
Qnonp6a
Qnonp6b
ISDMD, %
No QTL present

2(2H)
7(5H)
6(6H)
6(6H)

ABC167B
ABG053
ABC169B
ABC170B

74.21
47.61
51.81
74.61

5.25
2.82
3.36
2.54

-0.04
-0.03
0.04
-0.03

11.04
5.67
7.63
5.12

29.46

a

QTL position in cM.
Peak value of the LOD.
c
Proportion of phenotypic variance explained by the QTL.
d
Total phenotypic variance explained by the model.
b

Table 7. Heritability estimates for forage quality traits at anthesis and peak forage yield stages of maturity in the Steptoe x Morex doubled
haploid barley population.

Trait
Anthesis
DM yield, t/ha
DM, %
NDF, %
ADF, %
NO3-N, %
N, %
Non-NO3-N, %
ISDMD, %
Peak forage yield
DM yield, t/ha
DM, %
NDF, %
ADF, %
NO3-N, %
N, %
Non-NO3-N, %
ISDMD, %
a

MS entrya

MS GxEb

h2c

Upper 90% CId

Lower 90% CIe

1.7437
0.6237
30.6665
10.4242
0.0121
0.2339
0.1908
35.9553

1.6368
0.4699
7.7182
3.5317
0.0081
0.0695
0.0526
4.8114

5.8
24.7
74.8
66.1
33.4
70.3
72.5
86.6

25.3
40.3
80.1
73.2
47.2
76.4
78.2
89.4

-20.2
3.9
67.9
56.8
15.0
62.1
64.9
82.9

10.7309
0.5681
38.6777
23.9636
0.0127
0.0510
0.0533
25.0887

8.7199
0.5162
31.1577
17.6321
0.0092
0.0437
0.0438
21.1801

18.7
9.2
19.4
26.4
27.7
14.3
18.0
15.6

35.6
28.0
36.2
41.7
42.7
32.1
35.0
33.1

-3.7
-15.9
-2.8
6.1
7.7
-9.3
-4.6
-7.7

Mean square for entry, df = 144.
Mean square for genotype x environment interaction, df = 288.
c
Narrow sense heritability estimate; h2 = 1 – (MS GxE/MS entry).
d
Upper 90% confidence interval; CI = 1 - (1/((MS entry/MS GxE)*inverse of F probability distribution (0.05, 145, 290)).
e
Lower 90% confidence interval; CI = 1 - (1/((MS entry/MS GxE)*inverse of F probability distribution (0.95, 145, 290)).
b
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Table 8. Effects of entry, year, rep and their interactions on forage quality traits from the Lewis x Karl
recombinant inbred line (RIL) barley population at anthesis and peak forage yield stages of maturity
Variable
Ea
Anthesis
DM yield, t/ha
0.067
DM, %
0.172
NDF, %
<0.001
ADF, %
<0.001
NO3-N, %
<0.001
N, %
<0.001
0.002
Non-NO3-N, %
ISDMD, %
<0.001
Peak forage yield
DM yield, t/ha
0.091
DM, %
0.283
NDF, %
0.003
ADF, %
<0.001
NO3-N, %
<0.001
N, %
0.005
Non-NO3-N, %
0.036
ISDMD, %
<0.001
a
Main effects of entry.
b
Main effects of year.
c
Main effects of replicate.
d
Entry x year interaction effects.
e
Replicate nested within year effects.

Yb

Statistics analysis (P – value)
Rc
E xYd

R(Y)e

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.165
0.021
0.001
0.005
<0.001
<0.001
<0.001
0.003

0.366
0.359
<0.001
0.109
0.041
0.071
0.241
<0.001

0.001
<0.001
0.672
0.001
0.500
0.335
0.446
0.018

<0.001
<0.001
<0.001
<0.001
0.013
0.116
0.577
0.037

<0.001
0.030
0.004
0.323
0.001
0.156
0.919
0.187

0.411
0.653
0.133
0.013
0.366
0.005
0.014
0.779

0.002
0.001
0.865
<0.001
<0.001
0.031
0.995
0.029

Table 9. Simple statistics of forage quality traits for entries from the Lewis x Karl recombinant inbred line (RIL) barley
population at the anthesis and peak forage yield stages of maturity
Variable
n
Min.
Max.
Mean
C.V.
S. D.
Anthesis
DM yield, t/ha
146
4.07
7.90
5.79
13.37
0.77
DM, %
146
90.37
93.88
92.7
0.59
0.55
NDF, %
146
44.06
56.59
49.65
4.56
2.26
ADF, %
146
23.04
32.99
26.54
7.04
1.87
NO3-N, %
146
0.09
0.35
0.19
26.83
0.05
N, %
146
1.86
2.71
2.25
6.03
0.05
146
1.69
2.47
2.06
5.73
0.12
Non-NO3-N, %
ISDMD, %
146
68.58
76.77
73.19
2.35
1.72
Peak forage yield
DM yield, t/ha
146
5.24
9.96
7.59
12.99
0.99
DM, %
146
93.05
95.06
93.73
0.33
0.31
NDF, %
146
37.90
52.85
45.28
7.65
3.46
ADF, %
146
18.05
32.50
23.81
13.11
3.12
146
0.06
0.25
0.13
27.59
0.04
NO3-N, %
N, %
146
1.46
1.78
1.63
4.52
0.07
Non-NO3-N, %
146
1.33
1.67
1.50
4.78
0.07
ISDMD, %
146
67.49
77.80
72.39
2.95
2.14
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Table 10. Simple trait correlations for forage quality traits in the Lewis x Karl recombinant inbred line (RIL)
barley population at anthesis and peak forage yield stage of maturity
DM yield,
Non-NO3-N,
Variable
DM, %
NDF, %
ADF, %
NO3-N, %
N, %
t/ha
%
Anthesis
DM, %
r*=
0.4345
P-value =
<0.001
NDF, %
r=
0.6601
0.5038
P-value =
<0.001
<0.001
ADF, %
r=
0.5135
0.4895
0.8649
P-value =
<0.001
<0.001
<0.001
NO3-N, %
r=
0.3073
0.3912
0.4993
0.3047
P-value =
<0.001
<0.001
<0.001
<0.001
N, %
r=
0.5781
0.5430
0.7370
0.6096
0.6189
P-value =
<0.001
<0.001
<0.001
<0.001
<0.001
Non-NO3-N, %
r=
0.5801
0.5211
0.7146
0.5736
0.4651
0.9832
P-value =
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
ISDMD, %
r=
0.1689
0.2837
0.1878
0.1431
0.2496
0.4338
0.4309
P-value =
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
Peak forage yield
DM, %
r=
0.6279
P-value =
<0.001
NDF, %
r=
0.3798
0.5038
P-value =
<0.001
<0.001
ADF, %
r =
0.3422
0.4895
0.7280
P-value =
<0.001
<0.001
<0.001
NO3-N, %
r =
0.1288
0.3912
0.3454
0.2393
P-value =
0.002
<0.001
<0.001
<0.001
N, %
r =
-0.0570
-0.0877
-0.2305
-0.2855
0.2222
P-value =
0.169
0.034
<0.001
<0.001
<0.001
Non-NO3-N, %
r =
-0.1119
-0.1693
-0.3781
-0.3886
-0.2009
0.9105
P-value =
0.007
<0.001
<0.001
<0.001
<0.001
<0.001
ISDMD, %
r =
-0.0295
0.0948
-0.1599
-0.1877
-0.0583
0.1172
0.1425
P-value =
0.477
0.022
0.001
<0.001
0.159
0.005
0.001
* r = Pearson’s correlation coefficient, n = 146.
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Table 11.
Quantitative trait loci (QTL) for forage quality traits identified by composite
interval mapping for Lewis x Karl recombinant inbred line (RIL) barley population
at anthesis
LOD Allelic
Total
Item
QTL
Chrom
Nearest
QTL
R2c
a
b
R2d
Effect
Name
Name
Marker
Position Score
DM yield, t/ha
Qylda3a
3(3H)
acac155
167.01
2.35
2.29
8.49
14.57
Qylda4a
4(4H)
acag381
152.01
2.36
2.04
6.08
DM, %
No QTL present
NDF, %
Qndfa2a
2(2H)
HVM62
429.71
2.90
0.66
7.46
7.46
ADF, %
Qadfa2a
2(2H)
HVM62
429.71
3.99
0.63
10.45
25.47
Qadfa3a
3(3H)
acac100
419.91
2.08
0.53
7.43
Qadfa7a
1(7H)
actt239
140.11
2.39
0.52
7.59
NO3-N, %
Qno3a3a
3(3H)
acag135
295.81
5.54
-1.90
13.50
40.83
Qno3a6a
6(6H)
actt298
24.01
4.77
-2.82
27.33
N, %
Qna3a
3(3H)
acgc155
281.91
4.07
-0.63
21.70
33.26
Qna6a
6(6H)
HVM74
183.31
2.42
0.47
11.56
Non-NO3-N, %
Qnona2a
2(2H)
actg442
187.01
Qnona3a
3(3H)
acgc155
213.91
Qnona7a
1(7H)
actt239
140.11
ISDMD, %
Qdmda4a 4(4H)
HVM68
183.91
Qdmda7a 1(7H)
ABC255
18.01
a
QTL position in cM.
b
Peak value of the LOD.
c
Proportion of phenotypic variance explained by the QTL.
d
Total phenotypic variance explained by the model.

2.44
5.07
3.00

0.37
-0.41
0.37

6.42
11.51
9.30

27.23

3.65
2.64

-0.60
-0.63

11.89
13.24

25.13
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Table 12. Quantitative Trait Loci (QTL) for forage quality traits identified by composite interval mapping for Lewis x Karl
recombinant inbred line barley population at peak forage yield
LOD
Allelic
R2c
Total R2d
Item
QTL Name
Chrom
Nearest Marker
QTL
Scoreb
Effect
Name
Positiona
DM yield, t/ha
No QTL present
DM, %
Qdmp3a
3(3H)
acat466
204.61
2.44
-1.19
13.28
34.23
Qdmp5a
7(5H)
acgt424
101.31
3.14
1.33
12.98
Qdmp7a
1(7H)
ABC305
186.71
2.01
0.92
7.97
NDF, %
Qndfp2a
2(2H)
actg422
165.01
2.44
1.50
11.70
18.27
Qndfp6a
6(6H)
acgt517
158.91
2.35
1.02
6.57
ADF, %
Qadfp2a
2(2H)
actg422
151.91
2.37
1.30
10.41
16.02
Qadfp3a
3(3H)
acag155
169.71
2.07
0.84
5.61
NO3-N, %
Qno3p3a
3(3H)
acgc155
233.91
2.40
-1.61
20.05
62.27
Qno3p5a
7(5H)
TB2122
189.21
2.74
1.15
9.51
Qno3p6a
6(6H)
actt298
10.01
5.76
-2.19
32.71
N, %
No QTL present
Non-NO3-N, %
Qnonp2a
2(2H)
actt221
95.01
2.73
2.57
10.24
43.18
Qnonp4a
4(4H)
acgt128
132.31
3.37
-4.01
23.94
Qnonp7a
1(7H)
acgg371
148.31
2.45
2.18
9.00
ISDMD, %
Qdmdp4a
4(4H)
HVM68
185.91
2.06
-0.53
5.90
5.90
a
QTL position in cM.
b
Peak value of the LOD.
c
Proportion of phenotypic variance explained by the QTL.
d
Total phenotypic variance explained by the model.
Table 13. Heritability estimates for forage quality traits at anthesis and peak forage yield stage of maturity in the Lewis x
Karl recombinant inbred line (RIL) barley population
Trait
MS entrya
MS GxEb
h2c
Upper 90% CId
Lower 90% CIe
Anthesis
DM yield, t/ha
2.3921
1.9356
19.1
35.9
-3.2
DM, %
1.1914
1.0432
12.4
30.6
-11.7
NDF, %
20.4982
10.1648
50.4
60.7
36.8
ADF, %
13.9555
7.9066
43.3
55.1
27.7
0.0106
0.0037
64.9
72.2
55.2
NO3-N, %
N, %
0.0736
0.0353
52.0
62.0
38.8
Non-NO3-N, %
0.0555
0.0337
39.2
51.8
224
ISDMD, %
11.8479
5.0098
57.7
66.5
46.1
Peak forage yield
DM yield, t/ha
3.8937
3.2262
17.1
34.3
-5.7
DM, %
0.3839
0.3544
7.7
26.8
-17.7
NDF, %
47.9476
32.4381
32.4
46.4
13.7
ADF, %
38.9605
22.8464
41.4
53.5
25.2
NO3-N, %
0.0051
0.0024
52.4
62.2
39.2
N, %
0.0218
0.0152
30.2
44.7
11.0
Non-NO3-N, %
0.0206
0.0159
22.5
38.5
1.1
ISDMD, %
18.2392
8.1300
55.4
64.7
43.1
a
Mean square for entry, df = 145.
b
Mean square for genotype x environment interaction, df = 290.
c
Narrow sense heritability estimate; h2 = 1 – (MS GxE/MS entry).
d
Upper 90% confidence interval; CI = 1 - (1/((MS entry/MS GxE)*inverse of F probability distribution (0.05, 145, 290)).
e
Lower 90% confidence interval; CI = 1 - (1/((MS entry/MS GxE)*inverse of F probability distribution (0.95, 145, 290)).
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APPENDIX A

STEPTOE X MOREX DH QTL CARTOGRAPHER OUTPUT

Figure 5. QTL Cartographer output of forage quality traits in the Steptoe x Morex double haploid (DH) population on
Chromosome 1H at the anthesis
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Figure 6.

QTL Cartographer output of forage quality traits in the Steptoe x Morex double haploid (DH) population on
Chromosome 2H at anthesis
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Figure 7.

QTL Cartographer output of forage quality traits in the Steptoe x Morex double haploid (DH) population on
Chromosome 3H at anthesis
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Figure 8.

QTL Cartographer output of forage quality traits in the Steptoe x Morex double haploid (DH) population on
Chromosome 4H at anthesis
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Figure 9. QTL Cartographer output of forage quality traits in the Steptoe x Morex doubled haploid (DH) population on
Chromosome 5H at anthesis
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Figure 10. QTL Cartographer output of forage quality traits in the Steptoe x Morex double haploid (DH) population on
Chromosome 6H at anthesis
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Figure 11. QTL Cartographer output of forage quality traits in the Steptoe x Morex doubled haploid (DH) population on
Chromosome 7H at anthesis
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Figure 12. QTL Cartographer output of forage quality traits in the Steptoe x Morex doubled haploid (DH) population on
Chromosome 1H at peak forage yield
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Figure 13. QTL Cartographer output of forage quality traits in the Steptoe x Morex double haploid (DH) population on
Chromosome 2H at peak forage yield
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Figure 14. QTL Cartographer output of forage quality traits in the Steptoe x Morex doubled haploid (DH) population on
Chromosome 3H at peak forage yield
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Figure 15. QTL Cartographer output of forage quality traits in the Steptoe x Morex doubled haploid (DH) population on
Chromosome 4H at peak forage yield
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Figure 16. QTL Cartographer output of forage quality traits in the Steptoe x Morex doubled haploid (DH) population on
Chromosome 5H at peak forage yield
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Figure 17. QTL Cartographer output of forage quality traits in the Steptoe x Morex doubled haploid (DH) population on
Chromosome 6H at peak forage yield
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Figure 18. QTL Cartographer output of forage quality traits in the Steptoe x Morex doubled haploid (DH) population on
Chromosome 7H at peak forage yield
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APPENDIX B

LEWIS X KARL RIL QTL CARTOGRAPHER OUTPUT

Figure 19. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 1H at anthesis
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Figure 20. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 2H at anthesis
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Figure 21. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 3H at anthesis
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Figure 22. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 4H at anthesis
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Figure 23. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 5H at anthesis
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Figure 24. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 6H at anthesis.

126

Figure 25. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 7H at anthesis
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Figure 26. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 1H at peak forage yield
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Figure 27. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 2H at peak forage yield
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Figure 28. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 3H at peak forage yield
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Figure 29. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 4H at peak forage yield
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Figure 30. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 5H at peak forage yield
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Figure 31. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 6H at peak forage yield
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Figure 32. QTL Cartographer output of forage quality traits in the Lewis x Karl recombinant inbred line (RIL) population on
Chromosome 7H at peak forage yield
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