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Abstract The duplicated and rearranged nature of plant
genomes frequently complicates identification, chromo-
somal assignment and eventual manipulation of DNA
segments. Separating an individual chromosome from its
native complement by adding it to an alien genetic back-
ground together with the generation of radiation hybrids
from such an addition line can enable or simplify struc-
tural and functional analyses of complex duplicated
genomes. We have established fertile disomic addition
lines for each of the individual maize chromosomes, ex-
cept chromosome 10, with oat as the host species; DNA
is available for chromosome 10 in a haploid oat back-
ground. We report on instability and transmission in dis-
omic additions of maize chromosomes 1, 5, and 8; the
chromosome 2, 3, 4, 6, 7, and 9 additions appear stable.
The photoperiodic response of the two recovered maize
chromosome 1 addition lines contrasts to the long-day
flowering response of the oat parents and the other addi-
tion lines. Only when grown under short days did maize
chromosome 1 addition lines set seed, and only one line
transmitted the maize chromosome 1 to offspring. Low
resolution radiation hybrid maps are presented for maize
chromosomes 2 and 9 to illustrate the use of radiation
hybrids for rapid physical mapping of large numbers of
DNA sequences, such as ESTs. The potential of addition

and radiation hybrid lines for mapping duplicated se-
quences or gene families to chromosome segments is
presented and also the use of the lines to test interactions
between genes located on different maize chromosomes
as observed for ectopic expression of cell fate altera-
tions.

Keywords Avena sativa L. · Oat-maize chromosome 
addition line · Oat-maize radiation hybrid line · Zea 
mays L.

Introduction

The very large size of the genomes of many higher
plants combined with the highly duplicative nature of the
sequences comprising their genomes have made the
identification and assignment of function to the genes of
these species a formidable task. In maize, the genome
size is 1 C ≅ 2,671 million base pairs (Bennett and Leitch
2001). These sequences are distributed among the ten
chromosomes. As in other higher organisms there is evi-
dence for duplication of many genes in maize, and the
genome also is highly duplicated on a macro scale being
essentially an ancient tetraploid (Ahn and Tanksley
1993). These duplicated forms may provide duplicative
function, may have nonfunctional products (pseudo-
genes) or be silenced, or may have been modified either
to new catalytic activity or developmental expression in
timing, level, or tissue specificity. However, the basic se-
quence can be highly conserved; thus, there exists the
challenges of assigning duplicated sequences to map lo-
cation and of identifying the specific sequence expressed
when analyzing randomly isolated DNAs, such as ESTs.
The sequence multiplicity becomes even more abundant
and confusing when one considers the high degree of se-
quence duplication in the heterochromatic regions dis-
tributed across the genome including retrotransposons,
telomeric sequences and others that may be present in
hundreds or even multi-thousands of copies of identical
or near identical sequences (Bennetzen et al. 1994; 
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SanMiguel et al. 1996). This size and duplicity of the
maize genome makes efforts to sequence and analyze ex-
pression on a whole-genome level a major challenge.

To simplify structural and functional genome analy-
sis, we have described in this paper an update on a
system of maize chromosome addition and radiation hy-
brids in an oat background. Adding individual maize
chromosomes to oat allows, in principle, the cloning of
whole maize chromosomes. Subsequent fragmentation of
these maize chromosomes using radiation allows isola-
tion of a maize chromosome segment in an oat back-
ground to simplify the physical mapping of specific
maize sequences. Expression analyses and phenotypic
effects of such isolated segments in a living alien system
may provide clues regarding specific functions of genes
located on these segments. Also, the system of physical
mapping provides the added feature that monomorphic
sequences can be associated to genome position without
the requirement for polymorphisms and development of
a segregating population.

The initial step in generation of the individualized
maize chromosome lines is crossing cultivated oat (Ave-
na sativa L., 2n = 6x = 42, AACCDD) with maize (Zea
mays L., 2n = 2x = 20) to generate interspecies embryos
that undergo uniparental chromosome elimination during
early phases of embryogenesis (Rines and Dahleen 1990;
Machan et al. 1995; Rines et al. 1996, 1997). Because
maize genome loss is often incomplete, embryo develop-
ment can lead to haploid oat plants with 21 oat chromo-
somes and 1 or more maize chromosome(s) in the com-
plement (Rines et al. 1995; Riera-Lizarazu et al. 1996).
To date, all 10 maize chromosomes are represented as
monosomic additions to haploid oat plants (Kynast et al.
2001a, b). Such haploid oat-maize chromosome addition
plants (n = 3x +1 = 22) produce unreduced gametes at a
frequency which is similar to that observed in haploid
oat plants (n = 3x = 21) (Kynast et al. 2000). Depending
on the oat genotype, the frequency of unreduced gametes
can produce as much as 40% seed set after self-pollina-
tion (Davis 1992). If the added maize chromosome is
transmitted, the haploid plant can produce doubled hap-
loid (diploid) F2 oat with disomic (totally homozygous)
maize chromosome additions (2n = 6x +2 = 44). By
propagating the generated oat-maize addition line, iden-
tical copies of maize chromosomes are reproduced in 
vivo and multiplied throughout the offspring. Hence,
whole maize chromosomes become cloned in oat. 
Kynast et al. (2001b) reported fertile disomic oat-maize
chromosome addition lines for the maize chromosomes
1, 2, 3, 4, 6, 7, and 9 and a fertile monosomic addition
line for maize chromosome 8. Herein we report the re-
covery of disomic additions for maize chromosomes 5
and 8; hence, only the monosomic maize chromosome
10 addition to haploid oat remains to be converted into a
disomic addition.

The maize chromosome addition lines in oat have
been shown to be an effective tool for assigning markers
to a specific maize chromosome or chromosomes 
(Okagaki et al. 2001). For more precise localization of

markers, we are developing an approach based on radia-
tion hybrid mapping. Radiation hybrid mapping was first
used in the 1970s (Goss and Harris 1975), and has devel-
oped into a powerful mapping tool (reviewed in Walter
and Goodfellow 1993). In radiation hybrid mapping,
chromosome breaks induced by radiation exposure sub-
stitute for genetic crossovers. The frequency of chromo-
some breakage between two markers is related to physi-
cal distance. Thus, radiation hybrid maps are physical
maps of the genome. The number of breaks induced,
which is determined by the level of radiation exposure,
largely determines the resolution of the map. Radiation
hybrid maps have been published for human (Hudson et
al. 1995; Stewart et al. 1997; Olivier et al. 2001), mouse
(McCarthy et al. 1997; Van Etten et al. 1999), canine
(Priat et al. 1998), rat (Watanabe et al. 1999), zebrafish
(Geisler et al. 1999), pig (Hawken et al. 1999), and horse
(Kiguwa et al. 2000). Radiation hybrid lines for these
projects were produced by fusing irradiated donor cell
lines with a rodent host cell line. Use of oat-maize chro-
mosome addition lines offers an alternative approach to
cell fusion for making radiation hybrid maps (Riera-
Lizarazu et al. 2000), with several added features includ-
ing that they are chromosome-specific. This chromo-
some specificity provides physical separation of many of
the duplicated sequences. In addition, these radiation 
hybrids may serve as a source for isolating and cloning
individual members of duplicated sets or small families
of genes. Together, these oat-maize addition lines and 
radiation hybrids provide not only powerful physical
mapping tools but also unique genetic materials to ob-
serve the function of genes in a background that inte-
grates genetic information of two disparate species.

Materials and methods

Plants

Single plants of spring oat cultivars GAF-Park, Kanota, Preakness,
Starter, Stout, Sun II and the experimental F1 (MN97201–1 ×
MN841801–1) hybrid and the maize lines Seneca 60, bz1-mum9,
A188 and the F1 (A188 × W64A) hybrid were grown and crossed
as described in detail by Kynast et al. (2001b). In brief, oat plants
were grown for 7 weeks under a short-day regime and shifted to a
long-day regime for shooting and flowering. Maize was germinat-
ed and grown for the first 4 weeks under a long-day regime and
then shifted to a short-day regime. To analyze photoperiodic re-
sponses, tiller-clones of the haploid oat-maize chromosome 1 ad-
ditions (OMAm1.1 and OMAm1.7) were cultivated in growth
chambers set for long-day (16 h light, 8 h dark) and for short-day
(11 h light, 13 h dark) regimes, respectively.

Cytology

Root tips (1.5–2 cm) of oat, maize, and oat-maize chromosome
addition lines were pretreated and fixed as described by Kynast et
al. (2001b). For chromosome counting, root tips were rinsed in
distilled water at room temperature for 20 min, hydrolyzed in 1 N
HCl at 60°C for 12 min and stained in modified Schiff reagent
(SS32–500, Fisher Scientific, Fair Lawn, N.J.) at room tempera-
ture for 20 min (Feulgen and Rössenbeck 1924). The meristem
cells were squashed in 2% (w/v) aceto-orcein (84–1453, Carolina
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Biological Supply, Burlington, N.C.). Chromosomes were counted
from four to six metaphase cells per slide.

For genomic in situ hybridization (GISH), root tips were
washed in distilled water at 4°C overnight to entirely remove fixa-
tive from tissues. Root tips were incubated in 10 mM citrate buffer,
pH 4.5, at room temperature for 20 min and in maceration solution
[225 mU/ml cellulase (21947, Calbiochem, La Jolla, Calif.),
75 mU/ml pectinase “Macerase” (441201, Calbiochem, La Jolla,
Calif.) in 10 mM citrate buffer, pH 4.5] at 37°C for 120 min. Di-
gestion was stopped by equilibrating root tips in 45% (v/v) acetic
acid at room temperature for 3–5 min. A small number of meristem
cells from each root tip were gently stroked out and squashed onto
a glass slide in a drop of 45% (v/v) acetic acid. Further steps of
RNase treatment, postfixation, and hybridization were as described
by Pickering et al. (1997) except that total genomic DNA of maize
cv. Seneca 60 was labeled with ChromaTide Oregon Green 488 
(C-7630, Molecular Probes, Eugene, Ore.) and probed onto slides
without using an unlabeled competitor DNA. The hybridization
and washes were at 80% and 85% stringency, respectively. Chro-
mosomes were counterstained with propidium iodide. Signals were
visualized using an Axioskop microscope equipped for epifluores-
cence (Carl Zeiss, Oberkochen). Images were captured with a
Magnafire camera (Optronics, Goleta, Calif.) and processed with
PhotoShop 5.5 software (Adobe Systems, San Jose, Calif.).

DNA extraction and PCR

Seedlings were screened for the presence of maize sequences us-
ing maize-specific Grande 1 or CentA primers (Ananiev et al.
1998). DNA micro-extraction and PCR were accomplished by us-
ing REDExtract-N-Amp Plant PCR Kit (XNAR, Sigma, St. Louis,
Mo.). Either 0.6-cm disks of leaf tissue were incubated in 100 µl
extraction solution, or 0.3-cm disks in 50 µl, at 95°C for exactly
10 min. After cooling to room temperature an equal volume of di-
lution buffer was added. The mix was stored together with the leaf
disk at 4°C until further use. The PCR mix (20 µl) was made of
10 µl 2×PCR ready-mix plus 6 µl of 1 µM (2×500 nM) F/R prim-
er-mix plus 4 µl leaf disk extract. The PCR program was set ac-
cording to the manufacturer's recommendation.

The identity of individual maize addition chromosomes was
determined by PCR analysis using previously described SSR
primers (Kynast et al. 2001b). Primers were selected from the
MaizeDB (http://www.agron.missouri.edu/) and tested as de-
scribed by Kynast et al. (2001b).

To perform a large number of PCR reactions on plants, DNA was
isolated using either the DNeasy Plant Mini Kit (69106, Qiagen, 
Valencia, Calif.) or a CTAB procedure (Saghai-Maroof et al. 1984).
PCR primer sequences are available upon request. Primers were de-
signed using the program Primer-3 and the conditions described pre-
viously, as were PCR conditions (Okagaki et al. 2001).

Production of radiation hybrid lines

Monosomic oat-maize chromosome additions are produced by
backcrossing disomic oat-maize chromosome addition lines to

their parental oat lines. To produce radiation hybrid lines, the BC1
seed are irradiated with 30–40 krad γ-rays (gamma-rays) to induce
breaks in the added maize chromosome but without seriously
damaging the vitality of the embryos (M0 generation). The subse-
quent cultivation of the M0 plants acts as a filter against severely
deleterious chromosome aberrations. Vigorous plants were self-
pollinated. Radiation hybrid lines possessing different fragments
of a maize chromosome including intergenomic translocations and
modified maize chromosomes with terminal and interstitial dele-
tions were recovered in the M1 (BC1F2) offspring at a frequency of
about 5% (Riera-Lizarazu et al. 2000).

Results

F1 (oat × maize) hybrids and disomic oat-maize 
additions

To date, a total of 400 F1 plants recovered from over
60,000 oat × maize pollinated florets have been tested
for presence versus absence of maize chromatin in their
genomes. Earlier data (Kynast et al. 2001a, b) and recent
results concordantly show that about 35% (139/400) of
the tested F1 plants possessed one or more maize chro-
mosome(s) in their complements as indicated by a PCR
product generated using maize-specific primers for
Grande 1-LTR (Fig. 1). Grande 1 is a highly repetitive
LTR-type retrotransposon, which is dispersed on each 
of the ten maize chromosomes (Monfort et al. 1995; 
SanMiguel et al. 1996). The specific maize chromo-
somes present in each of the 139 maize chromatin-posi-
tive F1 plantlets were identified by maize chromosome-
specific SSR-markers (Fig. 2) and visualized by GISH.
Though all ten maize chromosomes could be retained
with different frequencies in F1 plants as single additions
and in combination with other maize chromosomes, pre-
vious (Riera-Lizarazu et al. 1996; Kynast et al. 2001a, b)
and recent data together show no obvious preferential
combinations of specific maize chromosomes in multiple
additions. In general, the fewer maize chromosomes re-
tained, the more vigorous the F1 plants. Partial hybrids
with only one maize chromosome often set seed follow-
ing self-pollination. Plants with two different added
maize chromosomes also occasionally set seed. Of the
139 maize chromatin-positive F1 plantlets recovered, 39
plants transmitted maize chromosomes to F2 offspring
(Table 1). Individualized maize chromosomes could be
recovered as disomic additions to the hexaploid oat (2n =

Fig. 1 PCR of F1 (oat × maize)
plant DNA using maize-
specific Grande 1-LTR primers.
A 500-bp long PCR product 
indicates the presence of maize
chromosome(s) in the corre-
sponding F1 plant (labeled +).
The positive control (maize
Seneca 60 DNA) shows a band.
Negative controls (oat Starter
and GAF-Park DNAs) show no
bands. Electrophoresis was in
1.5% agarose
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6x +2 = 44) among offspring of 36 of these F1 plants.
One further F1 plant produced an F2 offspring with a
monosomic substitution of an oat chromosome by a
maize chromosome (2n = 6x –1+1 = 42). Screening of
the F3 offspring of this F2 plant showed that besides
monosomic (2n = 6x –1 = 41) and euploid (2n = 6x = 42)
oat plants, a monosomic maize chromosome 8 addition
(2n = 6x +1 = 43) occurred. Neither a disomic substitu-
tion nor a disomic addition were generated from this
monosomic substitution plant. Screening of the F4 off-
spring from the monosomic 8 addition revealed about
10% transmission of the added maize chromosome, as
expected for monosomic plant chromosomes in an alien
genetic background. No disomic addition was detected in
this line, which probably indicates a lack of paternal
transmission. In two of the other F1 addition plants, F2
offspring showed the transmission of two maize chromo-
somes by producing double disomic oat-maize chromo-
some addition plants (2n = 6x +2+2 = 46). These includ-
ed combinations of the maize chromosomes 1 plus 9 and
4 plus 6, respectively (Kynast et al. 2001b). Two more
fertile F1 plants with maize chromosome combinations,
one with 4 plus 7 and one with 6 plus 8, produced F2 off-
spring but did not transmit their maize chromosomes. 

Each of the maize chromosomes, except chromosome
10, have been recovered as fertile disomic oat-maize
chromosome additions. The phenotypes of most of the
lines have been described in detail elsewhere (Kynast et
al. 2001b). Two disomic additions of maize chromosome
5 in different oat backgrounds (Table 1) have most re-

cently been recovered and added to the set. These repres-
ent the first recovery of transmitted maize chromosome
5. Although chromosome 5 has been the maize chromo-
some most frequently retained among all 139 F1 plants,
somatic sectoring activity and possibly low chromosome
5 tolerance at generative stages have caused a very low
transmission frequency for this addition chromosome as
indicated by cytological analyses of F2 and F3 offspring
populations. The F2 plants with disomic addition of
maize chromosome 5 are characterized by stalk branch-
ing, as it was also observed in their corresponding paren-
tal F1 plants. These F2 plants show reduced tillering in-
tensity when compared to their corresponding F1 parents.
A newly recovered disomic addition of maize chromo-
some 6, this one in a new oat background (Table 1),
shows the phenotypic character of disease lesion mimic
like the two chromosome 6 additions recovered earlier in
a Starter oat background, except with less severity on
leaf sheaths. New disomic addition lines in different oat
backgrounds were also recovered for maize chromo-
somes 2 and 9 (Table 1). Both lines revealed the respec-
tive typical phenotypes, bluish leaf color and erratic pre-
mature senescence syndrome, observed by Kynast et al.
(2001b) for oat-maize addition 2 and 9 lines in the 
Starter oat background.

Individualized chromosomes – 
irregularities in transmission

Disomic oat-maize chromosome addition lines are the
foundation for the development of chromosome-specific
panels of radiation hybrid lines. By backcrossing these
disomic lines to their corresponding oat parent, seed are
produced with monosomic additions of a defined maize

Fig. 2 Maize chromosome 1 identification using chromosome-
specific SSR markers. SSR-marker p-umc1292 is located on 
the short arm of maize chromosome 1 (bin 1.00). SSR-marker 
p-umc1819 is located on the long arm of maize chromosome 1
(bin 1.12). Electrophoresis in 3.75% agarose enables the PCR
products to be clearly separated from each other after being gener-
ated by multiplex PCR (third lane). Both markers are absent from
both oat cultivars Preakness and Starter (lanes 4 and 5). The plant
F1–9808–2 retained a chromosome 1 of Seneca 60 in haploid 
Preakness (OMAm1.1). The plant F1–0143–1 retained a chromo-
some 1 of Seneca 60 in haploid Starter (OMAm1.7)

Table 1 Fertile oat-maize chromosome addition lines

Added Donor Oat Addition Number 
maize maize back- type of lines
chromo- line ground
some

1 Seneca 60 Starter Disomic 1
2 Seneca 60 Starter Disomic 7
2 Seneca 60 Sun II Disomic 1
3 Seneca 60 Sun II Disomic 1
3 Seneca 60 Preakness Disomic 1
4 Seneca 60 Starter Disomic 5
4 A188 Starter Disomic 2
5 Seneca 60 Starter Disomic 1
5 Seneca 60 F1 hybrid Disomic 1
6 Seneca 60 Starter Disomic 2
6 Seneca 60 F1 hybrid Disomic 1
7 Seneca 60 GAF-Park Disomic 1
7 Seneca 60 Starter Disomic 3
8 Seneca 60 GAF-Park Monosomic 1
8 bz1-mum9 Starter Disomic 1
9 Seneca 60 Starter Disomic 7
9 Seneca 60 GAF-Park Disomic 1
1+9 Seneca 60 Starter Double disomic 1
4+6 Seneca 60 Starter Double disomic 1
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chromosome. A high level of transmission and somatic
stability of the added maize chromosome in the oat back-
ground are useful prerequisites for generating the mono-
somic additions and subsequent radiation hybrids. The
incorporation in progeny of radiation breakage segments
from a maize monosomic addition, rather than from a
disomic addition, simplifies the possible cytogenetic out-
come and enables detection and marker characterization
of the segments.

Maize chromosomes 2, 3, 4, 6 and 9 in disomic condi-
tion show somatic stability and nearly 100% transmis-
sion in an oat background from the F2 through subse-
quent generations. Maize chromosome 7 had shown
transmission problems. Kynast et al. (2001b) reported
16% monosomic and 12% no addition offspring from a
disomic chromosome 7 addition F2 plant. We observed a
loss of the maize chromosome in more than 75% of
screened F3 offspring of another disomic chromosome 7
addition F2 plant. However, by propagating selected
plants with highest frequencies of disomic addition off-
spring in F4 and F5 genotypes, we have “stabilized” the
transmission of this maize chromosome and produced 
almost 100% disomic offspring in the F6 generation.

Maize chromosomes 1, 5 and 8 were the most recent-
ly recovered disomic additions to oat and have in com-
mon a certain level of somatic instability. Maize chromo-
some 1 additions in F1 plants of two different oat culti-
vars (Preakness and Starter) were identified. The F1
plants (F1–9808–2 and F1–0143–1) tillered readily when
grown under short-day conditions and could be vegeta-
tively propagated (tiller-cloned) by breaking the plants
apart at their crowns. A lack of seed set was initially en-
countered when tiller-clones of the two F1 plants were
shifted to a long-day regime (Table 2) in order to initiate
shooting and flowering. Thus, we tested tiller-clones of
both F1 plants continuously grown in a short-day regime.
Shooting and heading of all tillers were delayed by about
4 weeks. Although both genotypes produced more than
100 panicles with no seed, some tillers did set seed.
From the F1–9808–2 genotype we recovered 49 F2 seeds
in 20 panicles, but none of the offspring inherited the
maize chromosome 1. The F1–0143–1 genotype pro-
duced 400 F2 seeds in 30 panicles. Three maize-positive
seeds were formed in one panicle (F1–0143–1-C/d) out
of a total of 3 seeds. Furthermore, 4 maize-positive seeds
were formed in another panicle (F1–0143–1-C/u) out of a
total of 95 seeds (Table 2). All of the maize-positive F2
plants were disomic additions of maize chromosome 1,

indicating both maternal and paternal transmission
(Fig. 3). The maize chromosome 1 showed a transmis-
sion of 1.75% (7/400) in the Starter background. Ana-
lyses of F3 offspring showed that a disomic maize chro-
mosome 1 addition plant can produce 100% disomic off-
spring in one panicle, mixed offspring of disomic and
nullisomic additions in another panicle, and 100% nulli-
somic addition in yet another panicle, all from the same
plant. Similar segregating chromosome constitutions of
F4 offspring from among different panicles of the same
disomic F3 addition plant indicate instability as a result
of somatic sectoring activity. The majority of F4 off-
spring, however, show regular transmission of maize
chromosome 1 in the Starter background provided that
the disomic addition plants are cultivated under a short-
day regime. 

Maize chromosome 5 has been added to two different
oats [Starter and the experimental F1 (MN97201–1 ×
MN841801–1) hybrid], and the respective F1 plants
(F1–0102–1 and F1–0003–1) tiller-cloned. Both of the
haploid oat-maize chromosome 5 addition plants had a
high tillering capacity and produced more than 500 F2
seeds. The F1–0102–1 genotype had a total of six maize-
positive F2 offspring tracing to 3 panicles, but only one
addition offspring was disomic. The other F2 plants were

Table 2 Photoperiodic 
response of haploid oat-maize
chromosome 1 additions

OMAxy.z F1 plants Photoperiod Number of F2 offspring
treatment

Tiller-clones Panicles Total Maize-positive

OMAm1.1 F1–9808–2-A 35 Long-day 0 0
OMAm1.1 F1–9808–2-B >100 Short-day 0 0
OMAm1.1 F1–9808–2-C 20 Short-day 49 0
OMAm1.7 F1–0143–1-A 35 Long-day 0 0
OMAm1.7 F1–0143–1-B >100 Short-day 0 0
OMAm1.7 F1–0143–1-C 30 Short-day 400 7a

a Three maize-positive seeds
were formed in one panicle
(F1–0143–1-C/d), four maize-
positive seeds were formed 
in another panicle 
(F1–0143–1-C/u)

Fig. 3 Genomic in situ hybridization (GISH) of OMAd1.7 root
meristem cells. In situ hybridization of ChromaTide Oregon Green
488-labeled genomic DNA of maize cv. Seneca 60 to root tip cells
of an F2 offspring plant from F1–0143–1 visualizes the maize chro-
mosome pair by bright green-yellow colorization at metaphase and
as two stripes and spots in interphase nuclei. Oat chromosomes are
counterstained with propidium iodide (red colorization)
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either monosomic for the maize chromosome 5 or chi-
merical among root meristem cells and between root and
shoot for the same plant. The F1–0003–1 genotype had
11 maize-positive F2 offspring tracing to 3 panicles; 4 of
these offspring were disomic additions. The other F2
plants were either monosomic or chimerical for the
maize chromosome 5 as described for the F1–0102–1
genotype. The transmission of maize chromosome 5 was
3.4% (17/500) in both oat backgrounds, but included chi-
meras. Consecutive offspring generations of both chro-
mosome 5 addition genotypes showed segregation pat-
terns similar to those observed in the F2 generation for
oat-maize chromosome 1 additions. However, the ap-
pearance of monosomic additions for maize chromosome
5 indicated that besides somatic sectoring there was also
instability at the generative stage with possibly differen-
tial transmission in pollen versus ovules. In contrast to
the photoperiodic response observed with the maize
chromosome 1 addition, the chromosome 5 addition
lines – like the other maize chromosome addition lines –
showed no alteration in the long-day flowering response
of the oat host.

Radiation hybrid materials from oat-maize addition lines

Radiation treatment of oat-maize monosomic addition
seed induces breakage and loss of maize sequences in
progenitor cells of monosomic addition plants and can
produce mosaic plants. Selfing M0 plants allows segre-
gation and provides genetically uniform material. As in-
dividual panicles may arise from separate progenitor
cells, screening individual panicles permits recovery of

multiple radiation hybrid lines from a single plant. Four
or five seedlings per panicle were tested for the presence
of maize sequences, because transmission of maize chro-
mosomes was at a low frequency as expected. Maize-
specific primers for Grande 1, a repetitive sequence
widely dispersed in the genome (SanMiguel et al. 1996),
and CentA, a repetitive sequence concentrated in centro-
meric regions (Ananiev et al. 1998), were used to detect
maize chromosomes or chromosome segments. The
probe Grande 1 assesses the presence versus absence of
maize chromosome segments but cannot provide an esti-
mate of the amount of maize chromosome that is left 
after irradiation. Between 5% and 10% of the progeny
retained maize sequences. Seedlings testing positive for
one or both of Grande 1 and CentA sequences were
saved for further analysis. These lines are referred to as
“candidate radiation hybrid lines”, because further analy-
sis is required to determine their constitution and suit-
ability for radiation hybrid mapping. A total of 239 chro-
mosome 2 plants, 202 chromosome 9 plants, 101 chro-
mosome 6 plants and 78 chromosome 4 plants have been
identified as candidate radiation hybrid lines. Fifty-five
of the chromosome 9 lines have been previously de-
scribed (Riera-Lizarazu et al. 2000).

Over 50 markers have been tested against a subset of
the original 55 chromosome 9 candidate radiation hybrid
lines (Riera-Lizarazu et al. 2000; Okagaki et al., unpub-
lished data). Four classes of candidate lines may be iden-
tified. Class 1 lines retained all, or almost all, of the test-
ed markers. These lines appear to have an intact maize
chromosome, a maize chromosome with small deletions
or a reciprocal translocation of the maize with an oat
chromosome. Class 2 lines retained maize centromeric

Fig. 4 Chromosome 9 low-
resolution map. Low resolution
maps are intended to facilitate
the rapid placement of markers
to a chromosome region. Nine
lines that could be used to place
markers on chromosome 9 are
illustrated together with some
of the markers used to charac-
terize the lines. The circle on
the genetic map gives the 
approximate position of the
centromere. Lines RH400:54L-2
and RH400:54L-3 represent the
two halves of a reciprocal trans-
location
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sequences, as determined by the presence of CentA se-
quences, but have lost most, or all, of the other tested
markers. Class 3 lines have complex rearrangements of
the maize chromosome, such as multiple deletions. Class
4 lines have a simple rearrangement such as a terminal
deletion or a translocation consistent with a single break
in the maize chromosome.

Radiation hybrid lines with a terminal deletion or
translocation are the ideal material for low resolution de-
letion maps. Using a panel of eight lines, a low resolu-
tion map for chromosome 9 has been developed (Fig. 4).
This map divides chromosome 9 into seven regions, and
markers may be rapidly located to a chromosome region.
More precise localization of markers may be attained by
incorporating additional lines into this panel. The eight
lines comprising the low resolution chromosome 9 panel
showed no detectable phenotypic variation. The erratic
premature senescence (EPS) syndrome characterized in
the disomic chromosome 9 additions requires the grow-
ing of many plants of each genotype to score the trait 
because of the erratic occurrence (Kynast et al. 2001b).
Apart from the EPS syndrome, chromosome 9 addition
plants develop normal phenotypes with high similarity to
their oat parents.

Sixteen markers were used to screen 239 chromosome
2 candidate radiation hybrid lines (Fig. 5). These lines de-
rived from material irradiated with 30 krads rather than
the 40 krads used for chromosome 9. This lower radiation
dose was expected to yield fewer breaks per line which
would increase the proportion of lines suitable for deletion
mapping – those with a single break. Class 1 lines
RH302.1:11A-2 and RH302:07A-4 had a single missing
marker. Line RH302.1:11A-2 was missing marker fco1a,
but adjacent markers were present (Fig. 5). The size of the
interstitial deletion cannot be determined from the data; it
may be relatively small. Chromosome breaks were not 

detected in lines RH302:10E-2 and RH302.1:23E-4, al-
though small deletions would be difficult to detect. The
class 2 line RH302:26A-5 only retained the centromeric
CentA sequences suggesting that most of both chromo-
some arms were lost. Lines RH302:28A-2, RH302:08D-4,
and RH302:19C-4 had multiple chromosome breaks;
these lines resembled chromosome 9 class 3 lines. Such
lines would be ideal for developing standard radiation hy-
brid maps. Class 4 lines RH302:10A-4, RH302.1:16D-4
and RH302.1/3/22G-2 retained large contiguous stretches
of chromosome 2. These lines have either terminal dele-
tions or translocations with the maize chromosome and
could be used for deletion mapping. The types of chromo-
some rearrangements found among chromosome 2 candi-
date radiation hybrid lines were similar to those found
with chromosome 9.

Discussion

Chromosome addition lines

Genomes of most species are complex. Even the model
plant Arabidopsis thaliana is extremely complex with
much of its genome present as duplicated or higher order
segments (Vision et al. 2000). In addition to the expected
complexity of haploid or diploid genomes, maize has a
subgenome structure (Ahn and Tanksley 1993). Major
genetic regions in maize are syntenic among different
chromosomes owing to the presence of two subgenomes.
The importance of potential interactions among these
subgenomes is not clear at the present time. The addition
of individual maize chromosomes to oat enables the rela-
tively large maize genome to be separated into ten de-
fined subunits. Reducing the amount of total genomic
maize DNA to approximately one-tenth offers advanta-

Fig. 5 Chromosome 2 candi-
date radiation hybrid lines.
Eleven representative candidate
radiation hybrid lines are pre-
sented to illustrate the range of
chromosome rearrangements re-
covered. Lines RH302.1:11A-2,
RH302:07A-4, RH302:10E-2,
and RH302.1:23E-4 have either
small interstitial deletions or an
intact maize chromosome. Line
RH302:26A-5 has maize centro-
mere sequences, as detected by
the CentA probe, but other se-
quences were not present. Lines
RH302:28A-2, RH302:08D-4,
and RH302:19C-4 have com-
plex rearrangements, and lines
RH302:10A-4, RH302.1:16D-4,
and RH302.1/3/22G-2 have sim-
ple rearrangements. These last
six lines would be suitable for
radiation hybrid mapping
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ges to many applications, especially large scale mapping
and functional genomics. The disomic oat-maize chro-
mosome addition lines have been generated in a manner
that ensures a doubled haploid character to the offspring,
i.e. from a functional point of view all disomic addition
plants are totally homozygous and may possess the dif-
ferent maize chromosomes in a common genetic back-
ground. The benefit of homozygous plants – especially a
homozygous background of alien addition lines – is that
responses to different test conditions can be directly
measured and compared among different addition lines
without the interference of a segregating background. In
particular, the expression pattern of alleles can be corre-
lated to phenotypes much as in (near) isogenic lines. For
instance, morphological examination of the disomic oat-
maize chromosome 3 addition line reveals several mor-
phological changes including crooked panicles, abnor-
mal blade-to-sheath transformation and outgrowth of
aerial axillary buds. By genetic analyses of BC1F2 off-
spring segregating for presence versus absence of maize
chromosome 3, Muehlbauer et al. (2000) showed that the
expression of these cell fate abnormalities in oat is corre-
lated with the presence of maize chromosome 3. Tran-
scription analyses of leaf sheath tissues from the off-
spring clearly showed that maize liguleless3 (lg3) 
homeobox gene expression is associated with the partic-
ular phenotypes (Muehlbauer et al. 2000). Lg3 is known
for its ectopic expression of cell fate alterations and was
physically mapped to maize chromosome 3 by the use of
oat-maize chromosome addition lines. These results 
illustrate that the maize chromosome addition lines are
useful genetic stocks for studying expression of maize
genes in an oat background.

We have generated disomic oat-maize chromosome
additions in more than one genetic oat background for
most of the maize chromosomes (Table 1) allowing anal-
ysis of maize gene function in different host genomes.
The addition of maize chromosome 1 to two different oat
cultivars, Preakness and Starter, has shown an apparent
background impact. Maize chromosome 1 was transmit-
ted in the Starter-derived line and was not transmitted in
the Preakness-derived line. Future cytogenetic analyses
of those hybrids may provide the genetic basis of this
distinct behavior of the maize chromosome 1 in different
oat backgrounds. Different expressions of the same

maize chromosome in different backgrounds may enable
the cloning of key genes with regulatory significance.

Fertile disomic oat-maize addition lines open the op-
portunity of combining two selected maize chromosomes
in the same oat background to test for specific maize
gene interactions. The possibility to stably combine
maize chromosomes in oat already has been demonstrat-
ed by the recovery of two double disomic addition lines
(Table 1). Specific chromosome combinations allow the
reconstitution of interaction of genes from different
maize chromosomes. These interactions are separated
from those of the rest of the maize genome and can be
compared to single chromosome addition lines. A model
for this type of work is the maize lg3 gene located on
chromosome 3. In a dominant mutant (Lg3) of maize the
Lg3 allele has been associated with ectopic expression 
of liguleless leaves and a crooked tassel (Fowler and
Freeling 1996; Muehlbauer et al. 1999, 2000). Among
the specific phenotypic characters of oat-maize chromo-
some 3 additions (Table 3) are liguleless leaves and
crooked panicles. One possible explanation for ectopic
Lg3-type expression of the lg3 gene in the oat-maize
chromosome 3 addition line is a lack of regulation by a
gene located on one of the absent maize chromosomes.
In a maize plant the maize lg3 gene is normally under
the control of the rough sheath2 (rs2) gene located on
maize chromosome 1. In maize the rs2 gene suppresses
ectopic expression of the lg3 allele, but does not sup-
press ectopic expression of the Lg3 allele. The maize
chromosome 3 addition of oat lacks maize chromosome
1 (the location of rs2) and hence the regulatory action of
rs2. If oat orthologues of rs2 do not exist, or exist but
can not regulate the maize lg3 gene in the maize chromo-
some 3 addition line, then ectopic Lg3-type expression
of the maize lg3 gene may occur. Combining the maize
chromosome 1 and maize chromosome 3 by crossing be-
tween the respective disomic addition lines for these two
chromosomes would allow evaluation of the rs2-lg3 in-
teraction separate from the remaining chromosomes of
the maize genome. Extending the crossing program of
the chromosome 3 addition line to further maize chromo-
some addition lines may contribute to finding paralogous
or other loci on other maize chromosomes with regula-
tory action on lg3. Isolating individual maize chromo-
somes from the remainder of their genome and systemat-

Table 3 Common phenotypes
of oat-maize additions Maize Characters

Addition

1 Erect leaf blade, photoperiod neutral response, sectoring among shoots
2 Bluish leaf, waxy stem
3 Liguleless, crooked panicle, growth of aerial axillary buds
4 Lighter green leaf, small seed, earlier maturing 
5 Branched stem, sectoring among shoots, generative instability
6 Disease lesion mimic, NOR amphiplasty
7 Small stature, instability in some offspring
8 Small stature, sectoring among roots, irregular transmission
9 Erratic premature senescence

10 Grassy type, ovule and pollen sterility



ically producing new combinations with other individual
maize chromosomes in oat can provide a valuable source
for finding regulatory genes by observation of expres-
sion or suppression of phenotypes. With a systematic in-
volvement of radiation hybrid lines (translocations and
deletions) a dissection of relevant chromosome segments
becomes feasible and new suppressors found may open
alternative ways of engineering chromosomes that con-
trol undesirable phenotypes.

The introgression of alien chromosomes or chromo-
some segments provides plant material that allows inves-
tigation of the extent to which alien genetic material can
add new characters to the recipient genotype. The oat-
maize addition plants generally grow well but show
characters that make them distinct from their oat parent.
However, there are environmental interactions, erratic
appearances and occasional inconsistencies in the pheno-
types depending on the oat genomic background and the
maize chromosome donor. Apart from the variability
among the additions there are also maize chromosome-
specific characters with remarkable stability through
consecutive generations and consistency across oat ge-
nomic backgrounds (Table 3).

Another question is: can alien chromosomes release the
suppression of normally nonexpressed intrinsic characters
in the host? Such questions can be raised with respect to
disease resistance. Breeding strategies need to be created
that distinguish between adding resistance to a susceptible
plant and removing susceptibility from a susceptible plant.
Phenotype and expression analysis of oat-maize additions
may help find answers. For instance, oat crown rust
caused by Puccinia coronata f. sp. avenae and oat stem
rust caused by P. graminis f. sp. avenae are major oat dis-
eases (Ohm and Shaner 1992). These rust species tend to
be highly species-specific. Maize is not susceptible to oat
rust and oat is not susceptible to corn rust (caused by 
P. sorghi). Of interest would be rust resistance genes pres-
ent in maize that are introduced into oat as part of a maize
chromosome segment. The potential gain of host resis-
tance or, alternatively, susceptibility to oat or maize dis-
eases by an oat plant due to the addition of maize genes
would allow further insights into host-pathogen interac-
tion phenomena and related genes and mechanisms. One
advantage to this system is that once a trait such as resis-
tance is identified in an oat-maize addition line, radiation
hybrid lines derived from that oat-maize addition line
might be used to map the gene in maize, and thus provide
a step toward its identification or cloning.

The generation of radiation hybrids from oat-maize
chromosome addition lines provides the ability to dissect
duplicated chromosome regions into different strains
containing only one of the paralogous segments even
from the same chromosome. Mapping a family of related
sequences to chromosome location is difficult by stan-
dard methods. The use of addition and radiation hybrid
lines allows the mapping of related sequences to chro-
mosome and chromosome segment. The cloning of spe-
cific members of a gene family also will be made easier
with these materials. Syntenic regions and evolutionary

relationships in maize should be more clearly defined as
such mapping efforts proceed.

Traits expressed in addition lines may be mapped us-
ing radiation hybrid lines (Rasko et al. 2000). Most chro-
mosome 6 addition lines express a disease lesion mimic
phenotype (Kynast et al. 2001b). Unpublished prelimi-
nary data we have recently generated involve results of
20 radiation hybrid lines that have been derived from
chromosome 6 additions and scored for the lesion trait
and for nine chromosome 6 markers. Based on which 
radiation hybrids exhibit the trait, data indicate that the
lesion phenotype is associated with the proximal half of
maize chromosome 6L. Les13, a dominant lesion mimic
mutation, has been mapped to this region; further work
will be required to determine if Les13 is responsible for
the lesion trait in chromosome 6 addition lines.

The disease lesion mimic example, like the Lg3 gene
expression discussed earlier, illustrates the exciting value
of the individualized maize chromosome addition lines
and derived radiation hybrids to study maize gene ex-
pression and interactions in an alien background. The ad-
dition and radiation hybrid lines provide powerful tools
for physical mapping of the thousands of maize genes
now being isolated and sequenced. A knowledge of the
physical map location of these genes will provide valu-
able help in sorting, assignment of function, and delin-
eating evolutionary relationships among the numerous
duplicated DNA sequences of maize.
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