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A b s t r a c t  Chromosome 3 displayed the two largest yield 
QTLs in a previous study of 150 doubled haploid lines de- 
rived from a cross of Steptoe and Morex barley varieties. 
Low-copy number RFLP markers, detected using South- 
ern analysis, are excellent tools for generating robust link- 
age maps as demonstrated by the Steptoe and Morex map 
produced by the North American Barley Genome Mapping 
Project (SM NABGMP). However, this technique can be 
cumbersome when applied to practically oriented plant 
breeding programs. In the present report, we demonstrate 
the conversion of RFLPs to more practically useful PCR- 
based markers that are co-dominant and allelic to the bar- 
ley chromosome-3 RFLP markers from which they derive. 
We have used these sequence-tagged-site (STS) PCR 
markers to evaluate the putative yield QTL components of 
the Steptoe chromosome 3 in a Morex backcross popula- 
tion. Headshattering, plant lodging, and yield measure- 
ments are reported from five replicated field experiments 
conducted under diverse growing conditions in Montana. 
Our study detected significant effects for all three traits in 
a chromosomal region that evidently corresponds to the 
larger of the two previously reported chromosome-3 QTLs. 
However, we failed to detect any yield or other effects 
which might be coincidental to the second largest yield 
QTL. The genetic effects of the yield QTL identified in our 
first backcross breeding population show similar magni- 
tude, environmental interactions, and association with 
lodging and headshattering' QTLs observed in the SM 
NABGMP experiments. Our study elucidates complex 
environmental conditioning for headshattering and plant 
lodging which probably underlie the variable yield effects 
observed under different growing conditions. 
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Introduction 

Southern analysis of RFLPs was used in the North Amer- 
ican Barley Genome Mapping Project to identify the loca- 
tions of numerous genes with significant effects on yield 
and malting characteristics (Hayes et al. 1993; Kleinhoffs 
et al. 1993). Thirty one QTLs for grain quality traits, in- 
cluding grain protein, alpha-amylase, diastic power and 
percent malt extract, were detected in the analysis of a dou- 
bled-haploid population derived from a cross between 
Steptoe and Morex varieties. Morex contributed positive 
alleles for 28 of the 31 QTLs detected for the value-added 
grain-quality traits. These genetic effects on grain quality 
appeared to be stable across diverse growing conditions of 
Northwestern United States. Conversey, Steptoe showed 
positive alleles at five of six grain-yield QTLs detected 
while Morex contributed one positive yield QTL. Many of 
these yield QTLs were environmentally conditioned. 

The two largest QTLs with positive effects on grain 
yield were ascribed to Steptoe chromosome 3. The larger 
of these two yield QTLs coincided closely with clearly re- 
solved, single-interval peaks for lodging and plant height 
(Hayes et al. 1993) and also for headshattering (unpub- 
lished data). Hayes et al. (1993) posited that plant lodging 
was a causal factor of the larger yield QTL on chromosome 
3. However, this yield component did not explain the ben- 
eficial value of the Steptoe allele in the Montana dryland 
experiment where lodging was insignificant. Neither lodg- 
ing nor heading-date factors could be attributed to the sec- 
ond largest yield QTL. Although Hayes et al. (1993) re- 
ported that the yield effects of the Steptoe chromosome 3 
were consistently positive, significant QTL environment 
interaction terms were reported for both QTLs on chromo- 
some 3. 

Minor effects for grain protein and alpha-amylase were 
detected near the second largest yield QTL. However, no 



other negative pleiotropic effects on value-added malting 
characters were apparently associated with the Steptoe 
chromosome-3 yield QTL. Therefore Hayes et al. (1993) 
postulated that the Steptoe chromosome-3 yield QTLs may 
have useful breeding value for developing higher-yield- 
ing malting varieties. They suggested the use of  an offen- 
sive breeding strategy such as marker-assisted selection 
for the Steptoe chromosome-3 yield genes, and a defen- 
sive strategy, such as backcross breeding, to recover the 
Morex alleles at numerous other QTLs for grain-quality 
traits. 

Low-copy  number  RFLP markers, detected using 
Southern analysis, are excellent tools for generating robust 
linkage maps. With adequate amounts of  DNA, several en- 
donucleases, and an abundant supply of  clones, sufficient 
polymorphic  information content is generally available to 
construct complete RFLP linkage maps (Botstein et al. 
1980) using Southern analysis. The efficiency of  this tech- 
nique is greatly enhanced when blots are repeatedly hybri-  
dized with different clones, each identifying one or more 
loci. The Southern technique has been effectively used to 
construct complete RFLP linkage maps in relevant crosses 
of  many crop species (e.g. Helentjaris et al. 1986; Bonier- 
bale et al. 1988; Heun et al. 1991; Kleinhofs et al. 1993) 
and to identify genes controlling many agronomical  traits. 
However,  this technique can be cumbersome when applied 
to practically oriented plant breeding programs. Fast-paced 
marker-assisted selection in large populations is inefficient 
using Southern analysis, especially if blots are needed for 
only one RFLP marker. 

The DNA sequences of  clones mapped using Southern 
analysis of  RFLPs can be used to design oligonucleotide 
primers for PCR-based analysis (Saiki et al. 1985; Mullis 
and Faloona 1987). The conversion of  these sequence- 
tagged sites into polymerase  chain reaction-based markers 
(STS-PCR) has the potential to facilitate plant genome 
mapping experiments in a variety of  ways (Tragoonrung 
et al. 1992; Talbert et al. 1994). In order to make these 
markers more practical tools in crop improvement,  tech- 
niques must be available to develop STS-PCR markers 
which are informative in the germ plasm of interest. As 
useful tools, these STS-PCR markers must co-segregate 
with the RFLP locus from which they derive, and should 
also provide co-dominant  and reliable assays. 

One objective of  this report is to demonstrate the devel- 
opment  and use of  six such STS-PCR markers. Our hy- 
pothesis was that RFLP clones which previously mapped 
to barley chromosome-3 (Kleinhoffs et al. 1993) could be 
efficiently converted to co-dominant  PCR-based markers, 
allelic to the RFLP markers f rom which they derive, and 
be used effectively for plant breeding. Fol lowing that, our 
second objective was to use these STS-PCR markers to 
evaluate genetic effects and agronomic components  of  the 
putative Steptoe chromosome-3 yield QTLs. Here we in- 
vestigate and describe the magnitude of  effects, the genetic 
map resolution, and the possible environmental  interac- 
tions associated with the putative yield, lodging, and head- 
shattering QTLs previously described for chromosome-3 
(Hayes et al. 1993, and unpublished data). 
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Materials and methods 

The polymerase chain reaction (PCR) was conducted in 50-btl vol- 
umes orS0 mM KC1, 10 mM Tris-HC1 (pH 9.0), 0.1% Triton X-100, 
0.1 mM of each dNTP, 1.5 mM MgC12, 330 nM of each primer, and 
0,6 units of Taq polymerase. Adequate genomic DNA samples were 
obtained using the protocol described by Edwards et al. (1991). For 
thermocycling, we used the GeneAmp PCR System 9600 (Perkin El- 
mer Cetus, Norwalk, Conn.) with one step at 94~ for 5 min, then 
33 cycles of 94 ~ 50 ~ and 72~ steps of 30 seconds each, and one fi- 
nal step of 72~ for 5 rain. 

The clones used to design STS-PCR primers included four Amer- 
ican Barley Genomic (ABG) clones (Kleinhofs et al. 1993). In addi- 
tion to the barley clones shown in Table 1, STS-PCR primers were 
also designed using the wheat genomic (WG) and oat cDNA (CDO) 
clones described by Henri et al. (1991). These clones were end se- 
quenced, near the vector insertion points, so that primer sequences 
could be selected using OLIGO (National Biosciences, Plymouth, 
Minn.). Oligonucleotide primers were synthesized using the Model 
391 PCR-MATE DNA synthesizer (Applied Biosystems, Foster City, 
Calif.). By convention, the RFLP markers, such as ABG070, are dis- 
tinguished from an amplifiable STS-PCR marker using a small-case 
letter "a" in front of the marker locus name (e.g., aABG070). 

For all PCR primer pairs shown in Table 1, except aABG070, 
Steptoe and Morex amplification products were cloned and se- 
quenced for polymorphism analysis. Barley amplification sequenc- 
es, using the aCDO113 (oat) and aWG 110 (wheat) primers, were al- 
so used for designing new barley STS-PCR primers specific to chro- 
mosome-3 loci. The PCR products were cloned using the Invitrogen 
TA Cloning Kit (San Diego, Calif.), and sequenced using the Seque- 
nase Kit (USB, Cleveland, Ohio) by the dideoxy chain-termination 
method (Sanger et al. 1977). GENEPRO software (Riverside Scien- 
tific, Bainbridge Wash.) was used for sequence and restriction-site 
polymorphism analysis. 

Polymorphisms among parents and progeny were tested for re- 
striction-site presence/absence or ribonuclease cleavage/protection 
of heteroduplex PCR molecules. Endonuclease digestion of STS- 
PCR products are typically conducted using a several-fold excess of 
activity units, incubated overnight at temperatures recommended by 
the manufacturers. Using a ribonuclease protection assay (RPA), the 
Mismatch Detect kit (Ambion, Austin TX) was used to test a se- 
quence polymorphism, at the WG110 locus. 

The 50 BC~ families were derived from 50 BC~F 2 plants by bulk- 
ing seed within families through two and three generations of self 
pollination. This BC l population was constructed using a cross of 
DH72 (Steptoe chromosome-3 yield QTL donor) and Morex (recur- 
rent malting variety). DH72 is a doubled-haploid line derived from 
an F l cross of Steptoe (Muir and Nilan 1973) and Morex (Rasmus- 
son and Wilcoxson 1979), as described by Kleinhofs et al. (1993). 
Morex is an industry standard of U.S. barley malting varieties, and 
is so named for producing "more extract" (i.e., percent malt extract). 
Steptoe is a feed barley that has high grain yield potential, but shows 
poor grain-quality characteristics (e.g., has low protein value in feed 
grains and has many undesirable malting traits including high levels 
of dormancy). The Steptoe and Morex barley varieties are grown in 
different regions of the United States and show very different envi- 
ronmental adaptations. The DH72 line was selected solely because 
the RFLP genotype, based on the NABGMP data set, indicated that 
it was fixed for Steptoe chromosome-3. Otherwise, the RFLP data 
and recombinational analysis suggest that DH72 is 50% Morex. 

Irrigated and dryland field trials of BC IF4 families were conduct- 
ed during 1994 at Bozeman. Irrigated and dryland Bozeman BC~F5 
trials and a BC1F 5 dryland experiment at Havre were conducted dur- 
ing 1995. These three locations in Montana represent diverse grow- 
ing conditions of decreasing yield potential. Each experiment (RCB) 
had two replications where blocks contained 53 plots including the 
50 BCj families plus three checks (Steptoe, Morex, and DH72). The 
Bozeman plots were 1.5 m 2 in t994 and 3 m 2 in 1995 and the plots 
in the I995 Havre experiment were 4.5 m 2. Grain was harvested us- 
ing hand sickles and mechanical threshers in 1994 and small-plot 
combines in 1995. 
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The headshattering and lodging traits were measured using a rat- 
ing scale of 0-9 by S. R. L., where 0 was least severe and 9 was most 
severe. A rating of 9 would indicate that essentially no seed remained 
after headshattering or that all plants were completely lodged. Lodg- 
ing was not observed in the 1994 Bozeman dryland trial, therefore 
lodging measurements were not taken (see Table 3) for that experi- 
ment. In the 1994 experiments, headshattering was determined by 
striking three intact heads (per plot) several times, and rating grain 
loss. In the 1995 experiments, headshattering was rated by the ob- 
servation of seed loss from plants and the ground litter within each 
plot. All headshattering and plant-lodging ratings were observed 
within several days before harvest. 

MAPMAKER (Lander et al. 1987) was used to genetically map 
the aCDO 113 and aABG070 STS-PCR markers as described below. 
The markerxphenotype• interactions were tested by 
ANOVA using MSUSTAT (Version 5.20, Richard E. Lund, Montana 
State University, Bozeman, Mont., 59717). 

Results 

STS-PCR RFLPs 

Restriction fragment length polymorphisms (RFLPs) for 
the STS-PCR products of the aABG070, aABG057, 
aABG396, and aABG377 loci are shown in Fig. 1. The 
aABG070, aABG396 and aABG377 amplification prod- 
ucts appear to show single discrete amplification products 
that are nearly 400 bp, or greater, and apparently identical 
in size between Steptoe and Morex. The Steptoe and Morex 
amplification products of aABG070 and aABG377 show 
clear restriction fragment length polymorphisms when di- 
gested with TaqI and SspI endonucleases respectively. A 
restriction fragment length polymorphism, approximately 
10 bp in length, was observed between two aABG396 STS- 
PCR MnlI digestion products. However, both of these Step- 
toe and Morex RFLPs for aABG396 are less than 100 bp 
in length and may, in practice, appear as faint bands. Prim- 
ers for aABG057 will reproducibly amplify a 217-bp prod- 
uct that contains a HphI endonuclease recognition se- 
quence in Steptoe which allows its cleavage into 105- and 
112-bp fragments. Depending on reaction conditions, sev- 
eral larger products may be observed using these aAB G057 
primers. These four STS-PCR RFLPs are co-dominant 
polymorphisms in progeny segregating for the Steptoe and 
Morex chromosome-3. The RFLPs, predicted by sequence 
analysis, for aABG057, aABG396 and aCDO113 (Fig. 1 
and 2B) are the only confirmed restriction-site polymor- 
phisms for these Steptoe and Morex STS-PCR amplifica- 
tion products. In addition to the SspI polymorphism shown 
for aABG377 (Fig. 1), a HaelII-restriction site difference 
also distinguishes Steptoe and Morex for this marker. The 
aABG70 STS-PCR amplification products were not se- 
quenced because a preliminary screen using 26 endonucle- 
ases revealed seven RFLPs for seven different enzymes. 

Wheat-barley chromosome addition lines (Islam et al. 
1981) were used to identify an aCDO113 STS-PCR am- 
plification product unique to barley chromosome-3, using 
primers U and R (Table 1) designed from the orginal oat 
CDO113 clone. A low-amplification 186-bp PCR product 
unique to chromosome-3 was identified (Fig. 2A). Homol- 
ogous, 186-bp Steptoe and Morex amplification products 

Fig. 1 Steptoe (S c) and Morex (M ~) restriction fragment length 
polymorphisms at four STS-PCR loci revealed using four different 
endonucleases. The uncut Steptoe (S") and Morex (M") amplifica- 
tion products are identical in length for these four STS-PCR mark- 
ers, except for three larger products unrelated to the co-dominant 
HphI RFLP for ABG057 

Fig. 2 A Products of aCDO113 STS-PCR amplification of DNA 
from Betzes (B), Chinese Spring (W) and the wheat barley addition 
lines (1-7) using primers U and R (Table 1) from the original 
CDO113 clone. The numbers 2 and 3, on the left side of the figure, 
indicate amplification products that are specific to the wheat-barley 
chromosome addition lines 2 and 3, respectively. B Segregation of 
BsaMI RFLPs obtained using barley aCDO113 (U2 and R3, Table 
1) primers re-designed from the Steptoe and Morex PCR products 
homologous to the 186-bp product amplified in wheat-barley addi- 
tion line 3 (panel A). The letters S andM, on the right side of the fig- 
ure, indicate the Steptoe and Morex alleles 

were cloned and sequenced. This enabled us to design new 
aCDO113 primers (U2 and R3, Table 1) from the barley 
chromosome-3 PCR products. A l-bp difference was ob- 
served between Steptoe and Morex sequences. This se- 



Table 1 Description of clones, 
primer sequences and STS-PCR 
products 

Clone Insert Primer Primer sequence (5' > 3') Predicted Observed 
size PCR size PCR size 
(bp) (bp) (bp) 

ABG070 600 a U ggaccaagcaaatatctcag 578 ~ 430 a 
R aacacgagtttgaattttac 

ABG057 1500 a U2 ttataagcatagactgcggt 217 217 
R2 gcacgagtgagctgagagtg 

CDO 1 i 3 1800 a U ttcgaagctccttctctt 191 186 
R catgggaaacagcatagc 400 

CDO 113 186 U2 cattagatcaaaatgctt 143 143 
(barley) R3 aggataaggcccatcgta 

ABG396 500 a U gggtcacaaagacggaggag 388 388 
R aggaaacctatgtaatcatc 

ABG377 700 a U gctgctatgaggagagaacc 541 a 520 a 
R gtgnacagccacctatttc 

WGI 10 900 ~ U tctgatacacacctccagcg 830 888 
R acggcgatccgtccacgagc +others 

WG 110 888 U2 atacaacaggagccactaca 409 409 
(barley) R2 cgaggacatcgctgagaaga 

WG 110 409 U2T7 gataatacgactcactatag~ 413 413 
(barley) +aattttctacttctc b - - 

R2SP agatttaggtgacactatagga 
6 +ccgggcttgggttcc b 

a Size estimated by comparison with known size standards using PAGE 
b Underlined sequences are phage promoter sequences (see text) 
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quence polymorphism is recognized by the BsaMI endo- 
nuclease in the Steptoe genotype,  which can be easily 
scored as a co-dominant  marker. Segregation of  the 
aCDO 113 - BsaMI polymorphism,  among Steptoe Morex 
DHLs  is shown (Fig. 2B). 

STS-PCR ribonuclease protection assay 

Primers for the original aWG1 10 clone (U and R, Table 1) 
f rom wheat were first tested on the wheat-barley addition 
lines, so that we could clone and sequence Steptoe and 
Morex PCR products unique to chromosome-3.  The ap- 
proach was similar to that used for aCDO113 (described 
above). We made chromosome-3-speci f ic  primers f rom 
barley (aWG110 U2 and R2, Table 1) which amplify a sin- 
gle 409-bp product  (data not shown). Sequence analysis 
revealed a single base-pair  po lymorphism that could not 
be detected using restriction endonucleases.  However,  we 
demonstrate a r ibonuclease protection assay, Fig. 3, which 
is sensitive enough to detect a single base-pair difference. 
A mismatch between the Morex T7 RNA  transcript and the 
Steptoe SP6 transcripts is completely cleaved (second lane 
from the left, Fig. 3). The reciprocal heteroduplex of  Step- 
toe and Morex transcripts is not cleaved using the RNAase  
stock #1 (included with the Mismatch Detect kit) as shown 
in Fig. 3 (far left lane). However,  recent experiments (data 
not shown) show that both reciprocal heteroduplexes of  
Steptoe and Morex can be cleaved using RNAase  stock #3 
(Mismatch Detect II  kit). 

Fig. 3 Polyacrylamide-gel electrophoresis gel showing a ribonucle- 
ase protection assay for aWG110 transcription products obtained 
from progeny (I-5) and hybridized with Steptoe and Morex anti- 
sense transcripts. The SP6 and T7 transcripts from progeny 1-5 are 
each hybridized with antisense T7 and SP6 RNAP transcripts of Mor- 
ex and Steptoe, respectively, as indicated. Transcription templates 
were PCR products generated using primers with T7 and SP6 phage 
promoter sequences overhanging the 5' ends of the WG110 U2T7 
and R2SP6 primers (Table 1). The inferred genotypes are indicated 
(S=Steptoe, M=Morex, H=Heterozygote) for each progeny 

To genotype progeny, SP6 and T7 RNA transcripts f rom 
each offspring were hybridized with Morex and Steptoe T7 
and SP6 transcripts, respectively (see Fig. 3). The SP6 tran- 
scripts of  progeny homozygous  for the Morex allele are 
protected from RNAase  cleavage when hybridized to the 
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Fig. 4 Linkage map of six 
STS-PCR markers developed 
for chromosome-3 QTL evalua- 
tion (indicated by closed trian- 
gles). The approximate position 
of the largest and second larg- 
est yield QTLs reported by 
Hayes et al. (1993) are also in- 
dicated (QTL-1 and QTL-2, re- 
spectively). The second largest 
yield QTL was detected near 
the CDO113b RFLP locus 
(Kleinhoffs et al. 1993), indi- 
cated by an open triangle; how- 
ever, our aCDO113 STS-PCR 
marker mapped to a different 
region of chromosome-3 as 
shown in the figure 

QTL-1 

QTL-2 < 

20 cM I 

�9 aABG070 

aABG057 

aCDO113 

aABG396 

aABG377 

CDO113b 

aWG110 

Morex T7 transcript. The T7 transcripts of those same 
progeny hybridized to the Steptoe SP6 transcript are com- 
pletely cleaved by RNAase. The opposite is observed for 
progeny homozygous for the Steptoe allele. Heterozygous 
progeny are partially cleaved in both hybridizations with 
T7 and SP6 antisense transcripts of Morex and Steptoe, re- 
spectively. In this way, the aWG110 STS-PCR primers can 
also be used as a co-dominant marker for progeny segre- 
gating for the Steptoe and Morex chromosome-3. 

the CDO113b locus reported by Kleinhofs et al. (1993) but 
it did map to chromosome-3 (as shown in Fig. 4) using MAP- 
MAKER and the 434-point SM NABGMP data set. 

Percent phenotypic variance explained by markers 

The percent phenotypic variances explained by four STS- 
PCR markers which showed signficant marker-by-pheno- 
type interaction with ANOVA are shown in Table 2. The 
aWG110 and aABG070 markers showed no signficant as- 
sociation with the agronomic traits evaluated and are omit- 
ted from Table 2. Otherwise the percent variances reported 
in Table 2 are all significant (P>F significant at less than 
0.05). The segregation ratios of progeny (S:H:M) for each 
of the markers listed in Table 2 are as follows: aABG377 
(8:28:14), aABG396 (8:28:14), a C D O l l 3  (4:31:15), and 
aABG057 (15:25:20). The segregation ratio for aCDO 113 
shows a significant deviation from the expected 1:2:1 F 2 
ratio using chi-square analysis. Since aABG396 showed 
the greatest interaction with yield, and is also strongly as- 
sociated with headshattering and plant-lodging traits, it 
was selected for analysis of QTL environment interactions 
and the description of yield QTL breeding values (Tables 
3 and 4) as reported in the following sections. 

QTL-by-environment interaction and overall yield 
correlations 

Mapping STS-PCR markers 

Figure 4 illustrates the relative placement and genetic dis- 
tances between the six STS-PCR markers, described 
above, when integrated with a NABGMP data set includ- 
ing 434 RFLP markers for 150 doubled-haploid lines de- 
rived from a F 1 cross of Steptoe and Morex. These map 
positions were determined using MAPMAKER and the 
Haldane centimorgan function. The STS-PCR markers, in- 
cluding aABG057, aABG396, aABG377 and aWG 110, co- 
segregate with their respective chromosome-3 RFLP loci. 
The relative placement of these four markers, as shown in 
Fig. 4, is the same as that reported by Kleinhofs et al. 
(1993). The aABG070 STS-PCR marker also co-segre- 
gates with the original ABG070 RFLP data (Lynn Dah- 
leen, personal communication). However, the original 
ABG070 RFLP locus was not included on the map of Klein- 
hofs et al. (1993) and was not readily available in our SM 
NABGMP RFLP data set. MAPMAKER analysis of the 
ABG070 RFLP data, using the SM NABGMP map, places 
this marker near the distal end of chromosome-3p (Fig. 4). 
It has been confirmed using the wheat-barley chromosome 
addition lines (Islam et al. 1981), that the aABG070 STS- 
PCR amplification product is unique to barley chromo- 
some-3. It is also noteworthy that aABG070 is known to 
co-segregate with barley chromosome-3 telomere sequences 
(A. Kilian, personal communication). The only STS-PCR 
marker that did not co-segregate with previous RFLP data 
is aCDO113. The STS-PCR marker did not coincide with 

The percent variance explained by the aABG396 marker 
and overall yield correlations (in parentheses) are reported 
for each trait by experiment (Table 3). The overall severity 

Table 2 Percent variance explained for three traits using chromo- 
some-3 markers with significant phenotypic effects. Results were ob- 
tained from combined analysis of variance over five diverse grow- 
ing environments 

Trait ABG377 ABG396 CDO 113 ABG057 

Yield 5.8% 7.4% 3.4% 2.9% 
Shatter 7.9% 13.9% 5.1% 13.7% 
Lodging 14.1% 13.8% 5.6% 14.3% 

Table 3 Percent variance explained by the aABG396 marker for 
lodging, shattering, and yield traits measured over five diverse grow- 
ing environments. The overall correlations of plant lodging and 
headshattering with grain yield are also shown in parentheses for 
each experiment 

Environment Bozm Bozm Bozm Bozm Havre 
irr irr dry dry dry 
1994 1995 1994 1995 1995 

Plant lodging 20.4% 15.4% NS 23.3% NS 
(NS) (-0.22) (NS) (NS) (+0.52) 

Headshattering 6.4% 46.5% 12.0% 10.3% 6.1% 
(-0.40) (-0.62) (NS) (NS) (-0.37) 

Grain yield 10.3% 36.5% NS 5.4% NS 

NS = not significant 



Table 4 Summary of the 
breeding value for yield of the 
ABG396 marker over five di- 
verse growing locations 
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Environment Bozm Bozm Bozm Bozm Havre Combined 
irr irr dry dry dry analysis 
1994 1995 1994 1995 1995 

Yield breeding 615 a 1135 a 397 325 a 247 543 
value (kg/ha) 

Yield breeding 12.9% 23.5% 8.5% 7.3% 7.4% 12.2% 
value as a percent b 

Morex kg/ha 4564 4817 4371 4355 2989 78.5 
DH72 kg/ha 5962 6344 5354 5107 4704 5494 
Steptoe kg/ha 5752 4967 6569 5629 4967 112.2 

P>F significant at less than 0.05 
b Percent of average yield for progeny fixed for the aABG396 marker allele 

of plant lodging and headshattering was extremely variable 
across the five experiments. Virtually no lodging was ob- 
served in the 1994 Bozeman dryland experiment, and head- 
shattering had to be rated using a fragility test because nat- 
ural discrimination was not apparent (see Materials and 
methods). Conversely, ripening at the Havre experiment oc- 
curred so rapidly that plants appeared to be almost indis- 
criminately snapped, lodged, and shattered by the time that 
the plots could be harvested. Although the Steptoe marker 
allele at aABG396 showed reduced lodging at Havre, this 
putative effect was not significant (Table 3). Note, however, 
that the putative lodging effect of the ABG396 marker in 
the Havre experiments was convoluted by an overall posi- 
tive correlation of yield and lodging (Table 3). The strong- 
est yield effect at the ABG396 marker was observed in the 
1995 Bozeman irrigated experiment (Tables 3 and 4), where 
discrimination of natural headshattering and head snapping 
was easily observed. This irrigated experiment was planted 
and harvested 5 and 11 days later than the 1995 Bozeman 
dryland experiment which showed less natural headshatter- 
ing and greater overall lodging succeptibility to a windstorm 
which occurred in late July. 

Magnitude of QTL effects 

The breeding value of the Steptoe aABG396 marker allele 
in each environment, and combined over environments, is 
also shown in Table 4. For comparison across environ- 
ments, the breeding values are also reported as a percent 
of the average yield observed for progeny fixed for the 
Morex ABG396 marker allele. Although the aAGB396 
marker-by-environment interaction term was significant 
(P>F significant at less than 0.05), the breeding values of 
the Steptoe aABG396 marker allele were consistently pos- 
itive across environments. For comparison, the grain yields 
of the pedigree checks are also shown in Table 4. Morex 
was consistently the lowest-yielding parent, while Steptoe 
and DH72 were split across irrigated and dryland experi- 
ments. Interestingly, DH72, which is fixed for Steptoe 
chromosome-3, outperformed Steptoe in the irrigated en- 
vironments where the breeding value of the Steptoe 
aABG396 marker allele was greatest. 

Discussion 

Our results confirm the positive effects of the Steptoe al- 
lele at the largest yield QTL on chromosome-3. The most 
probable location of this QTL, we believe, is very near the 
aABG396 and aCDO113 STS-PCR loci and is flanked by 
two other markers, aABG057 and aABG377. The genetic 
map location of this yield QTL corresponds very well to 
the largest yield-QTL effect detected in the SM NABGMP 
experiment. The breeding value of the Steptoe aABG396 
marker allele was 543 kg/ha or 12.2% of progeny fixed for 
the Morex alleles. This is very similar to the previously re- 
ported Value of 734 kg/ha which was 12.8% of the Morex 
genotype (Hayes et al. 1993). Similar to Hayes et al. (1993), 
we observed that the map position of yield QTLs is inci- 
dental with respect to plant lodging and headshattering 
QTLs, and that these agronomic traits are strongly condi- 
tioned by the growing environment. 

This study demonstrates that headshattering is a major 
component of the largest yield QTL observed by Hayes 
et al. (1993). From Tables 3 and 4, it appears that the rela- 
tive breeding value of the Steptoe chromosome-3 yield 
QTL is greatest where natural headshattering is most ap- 
parent. The comparison of the 1995 Bozeman irrigated and 
dryland experiments are especially revealing in this regard. 
Other than having different planting and harvest dates (as 
previously discussed), only one short application of water 
distinguished the 1995 Bozeman irrigated and dryland ex- 
periments: Yet these differences were enough to create a 
much better headshattering screen in the irrigated experi- 
ment, and a slightly greater lodging effect, at the ABG396 
marker locus in the dryland experiment. Based on this 
comparison of the 1995 Bozeman experiments, it is clear 
that natural headshattering, associated with the ABG396 
marker, can have dramatic yield effects. This shattering 
usually occurs during the later stages of ripening. 

Interestingly, our results also show that the major yield 
QTL allele of Steptoe is closely associated with a morpho- 
logical gene for short rachis internode length that we 
mapped (unpublished data) to the region between the 
aABG377 and aABG396 markers (Fig. 4). The rachis 
internode gene may be allelic to the erectoides (err-c) dense 
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spike gene which maps to barley chromosome-3 (Sogaard 
and vonWettstein-Knowles 1987). The headshattering ef- 
fect we observed could also be related to this rachis inter- 
node-length gene (Table 2). However, it is perhaps more 
likely that the headshattering effect is a result of the bt2,bt 
genes which are separate from the ert-c gene (Sogaard and 
vonWettstein-Knowles, 1987). If  the hypothesis that ert-c 
is allelic to the rachis internode-length gene is correct, then 
comparative mapping suggests that bt2,bt would be in the 
region of aABG396-aABG057 (Fig. 4). Therefore, the pu- 
tative location of the bt2,bt genes would coincide nicely 
with the headshattering effects described in Table 2. The 
genetic map position of the lodging QTL is not clearly re- 
solved in our experiment, as it was in the Hayes et al. (1993) 
study, and it would be unreasonable to speculate whether 
the putative lodging gene(s) is allelic to any of the genes 
discussed above. 

We have not been able to confirm the second largest 
yield QTL reported by Hayes et al. (1993), linked to the 
CDO 113b locus between the aWG110 and aABG377 STS- 
PCR marker loci on Fig. 4. Interestingly, this putative yield 
QTL coincides with a yield QTL detected in a doubled- 
haploid population derived from a cross of European two- 
row spring barley genotypes (Thomas et al. 1995). The 
yield QTL reported by Thomas et al. (1995) mapped near 
the denso morphological gene, also between aWG110 and 
aABG377 on Fig. 4; however, no other agronomic QTL(s) 
were detected in this region which could explain the ob- 
served yield effect. The yield effects that Thomas et al. 
(1995) observed near aWG110 were similar in magnitude 
compared to the second largest yield QTL reported by 
Hayes et al. (1993). However, we failed to detect signifi- 
cant effects for yield and other agronomic effects (e.g., 
headshattering or lodging) using the aWG110 STS-PCR 
marker in our backcross experiment. It is recognized that 
the large recombinational gap between the aABG377 and 
WG110 STS-PCR loci will have diminished our ability to 
detect the putative QTL in this region. Adding to the prob- 
lem of recombination, our BC1F 2 derived population is 
one-third the size of the SM double-haploid population and 
lacks a comparable number of homozygous contrasts. 
However, the Steptoe chromosome-3 yield should become 
progressively more apparent in backcross populations, 
compared with an F2-derived population. Indeed, we have 
had no problem detecting the effects of the larger of the 
two putative chromosome-3 QTLs. Hayes et al. (1993) ob- 
served significant Q T L x  environment interaction for this 
putative yield locus; therefore we may have failed to de- 
tect the second largest QTL effect because the environ- 
ments described in this study were not conducive to its ex- 
pression. 

Our study demonstrates six co-dominant STS-PCR 
markers which provide a useful linkage map of barley chro- 
mosome-3. In our observations (data not shown) the poly- 
morphisms which distinguish Steptoe from Morex, also 
differentiate Steptoe from most other spring germ plasms 
tested (two-row and six-row). All STS-PCR markers ex- 
cept aCDO 113 co-segregate with the RFLP loci described 
in the SM NABGMP experiment. The SM NABGMP map 

includes the CDO 113b locus in a region sparsely populated 
with markers, between ABG377 and WG110 (shown in 
Fig. 4). This result was surprising because only one chro- 
mosome-3 amplification product was observed using prim- 
ers for the original CDO113 clone (Fig. 2A). The only 
other amplification product observed clearly belonged to 
wheat-barley chromosome 2 (Fig. 2A). 

Additional markers for the chromosome-3 minus arm 
would also be useful to test the validity of the second larg- 
est yield Q T L  reported by Hayes et al. (1993). The latter 
set of STS-PCR makers would certainly be of interest for 
breeders and geneticists working with genotypes which 
may carry the yield QTL associated with denso (Thomas 
et al. 1995). 
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