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ABSTRACT

Crosses were made between 121 single translocations in barley 

belonging to 14 of the 21 combinations of translocations to determine 

whether the crosses would be useful in isolating 112-chromosome, double 

interchanges." A high frequency of 711?s at metaphase I and/or 50% 

sterility in the F^'s indicated that 123 of the crosses were "opposite 

arms" intercrosses. A small frequency of associations of four in 65 

of these "opposite arms" intercrosses suggest that chromosome pairing 

is not initiated strictly at the ends of the chromosomes in barley and 

that the differential segments of the interchanged chromosomes do pair, 

though infrequently, during meiosis. This type of pairing combined 

with crossovers in these differential segments would allow the isolation 

of "2-chromosome, double interchanges" from these crosses.

Changes in breakpoint positions of 22 of the single transloca

tions were suggested since 90 of the crosses were not "opposite arms" 

intercrosses.

The existing "2-chromosome, double interchange," T3-7c + T3-7d, 

was crossed to both parental translocations, T3-7c and T3-7dv Mostly 

associations of four in metaphase I and 30% sterility were observed in 

the 1 s. When crossed to a normal, only 711f s and 50% sterility were 

observed in the F^'s.

x



INTRODUCTION

Homologous chromosome segments must pair during meiosis in order 

for recombination to take place. The means by which pairing occurs has 

yet to be discovered. Based on cytological observations, pairing has 

been compared to a zipper, in that it is initiated at a point or points 

and then proceeds along the length of the chromosome.

Pairing initiation can be quantified by studying meiotic con

figurations which result from structural chromosome rearrangements. 

Single reciprocal translocations are probably one of the most useful 

rearrangements for this purpose. Meiotic configurations observed in 

translocation intercrosses involving the same chromosomes are directly 

dependent upon the number and location of pairing initiation sites.

Chromosome pairing,in maize has been studied in intercrosses 

between single translocations which involve the same two chromosomes, 

but which have breakpoint positions in opposite arms (Burnham, et a l ., 

1972). Meiotic configurations found in this type of intercross vary 

with the specific translocations used. In general, the four inter

changed chromosomes will form either two "pairs" of chromosomes or an 

association of four chromosomes. The "pairs" are a result of either 

pairing between homologous end segments or pairing between homologous

differential segments. An association of four results from homologous
/

pairing of both types of segments simultaneously. It has been assumed
■

that pairing in a segment indicates the existence of a pairing initia

tion site in that segment.
1



2
Knowledge of the pairing between interchanged chromosomes in

volved in "opposite arms" intercrosses has been used in the construction 

of a new type of multiple interchange in maize, called a "2-chromosome, 

double interchange" (Burnham, 1968). This multiple interchange differs 

from a single interchange in that all four arms of the two chromosomes 

involved carry a reciprocally translocated segment. Being a product of 

recombination in the differential segments of the single interchanged 

chromosomes involved in "opposite arms" intercrosses, the origin of the 

"2-chromosome, double interchange" is dependent upon homologous pairing 

of these differential segments.

Double interchanges seem promising as more efficient replacements 

for single interchanges in linkage tester sets used to assign genes to 

chromosomes. One "2-chromosome, double interchange" has been isolated 

in barley (Tuleen, personal communication), but four more involving the 

proper chromosomes would be necessary to complete a linkage tester set. 

Additional ones involving all 21 chromosome combinations possible in 

barley, would be useful in chromosome mapping and in locking genes into 

breeding populations.

The number of single translocations available in the World 

Collection of Translocations in barley would allow over 200 "opposite 

arms" intercrosses to be made. Although studies of meiotic pairing in 

barley indicate that it is initiated at the ends of the chromosomes 

(Kasha and Burnham, 1965b), only a small number of "opposite arms" 

intercrosses were used in the studies. It is possible that as a greater 

number of "opposite arms" intercrosses are studied, patterns of pairing 

between the interchanged chromosomes may be observed which could lead to



further conclusions about pairing initiation in barley. It is also 

conceivable that lack of pairing in the homologous differential segments 

would make some of these intercrosses of little use in constructing 

"2-chromosome, double interchanges." Thus, it is the primary purpose of 

this study to examine the pairing relationships of single interchange 

chromosomes involved in "opposite arms" intercrosses in order to 

further the knowledge of meiotic chromosome pairing in barley and to 

facilitate the construction of "2-chromosome, double interchanges" in 

barley.

A brief, but separate, study to determine the cytological and 

genetic behavior of the double interchanged chromosomes of the existing 

"2-chromosome, double interchange" in barley has also been included.



LITERATURE REVIEW

Studies on chromosome pairing originated in the late 1800Ts, 

about the time that theories on reduction division were being formulated. 

It was first suggested that the chromosomes might associate in pairs as 

a prelude to reduction (Henking, 1891). In a review of the history of 

cytology, Hughes (1959) has stated that the first observation of paired 

chromosomes during meiosis was made by Ruckert in 1892. This pairing 

was renamed synapsis by Moore (1895).

The multitude of early studies on meiosis found the chromosomes 

to be paired side-by-side (parasynaptic) during meiosis. However, 

examples of end-to-end (telosynaptic) pairing were reported in Podo

phyllum, Lilium, and Tradescantia by Mottier (1907), and in Oenothera 

by Gates (1908) which led to disagreement on the mechanics of pairing. 

Eventually, all but Oenothera were shown to be parasynaptic. The end- 

to-end associations observed in Oenothera were finally explained by non- 

homologous segmental exchange, i.e., translocations (Darlington, 1929) 

and pairing was shown to be parasynaptic (Catcheside, 1931).

The forces which produce homologous chromosome pairing in 

meiosis are still not understood. Before it was realized that the 

leptotene threads are doubled, Darlington (1937) suggested that the 

chromosomes had a physical need to be paired and that in mitotic cells 

this need is fulfilled by the early doubling of each chromosome. In 

meiotic cells, the supposedly single chromosomes of leptotene met this 

need by pairing with their homologues. More recent theories on pairing



recognize that there are actually two different forces which affect 

pairing in meiosis (Faberge*, 1942). Long distance pairing occurs prior 

to zygotene and is unsaturated (more than two homologues can come to

gether) o The second type of pairing, zygotene pairing, is saturated 

(only two homologues may pair at any one point).

To date, the mechanism controlling long distance pairing has 

not been discovered, though many hypotheses exist (Guyot-Bjerknes effect 

- Faberge', 1942; chemical interaction - Delbruck, 1941; van der Waals 

attraction - Yos, Bade, and Jehle, 1957; electromagnetic oscillation - 

Holland, 1972; microtubular associations - Buss and Henderson, 1971).

The most recent evidence concerning this mechanism comes from studies on 

the gene or genes on the long arm of chromosome 5B, designated PH, which 

suppress homoeologous pairing in wheat. Feldman (1966) has found that 

plants with six doses of PH show partial asynapsis, interlocking 

bivalents, and homoeologous pairing in the same cells. Increasing doses 

of PH also reduces the sensitivity of cells to comp ids which bind to 

the microtubular subunits (Avivi, Feldman, and Bushuk, 1970; Avivi and 

Feldman, 1973). It is possible that PH effects the binding of the 

microtubule subunits to the nuclear membrane, allowing the chromosomes 

to take random position's in the cell (Driscoll, Darvey, and Barber,

1967). This suggests that premeiotic pairing is essential to meiotic 

pairing (Sears, 1976). Studies by Stack and Brown (1961) and Maguire 

(1967) have also suggested this possibility.

Zygotene pairing is assumed to be the mechanism which allows the 

homologues to be aligned in such a way that crossing over might take 

place (Rhoades, 1968). The discovery and description of the synaptinemal



complex (Moses, 1956) has led to the suggestion that its function is to 

hold the homologues together long enough for efficient crossing over to 

occur (Henderson, 1969). Evidence for this is found in the fact that 

male Drosophila, which lack crossing over, also lack a synaptinemal com

plex (Meyer, 1961). Synaptinemal complexes are also lacking in mutant 

females of Drosophila in which exchange has been eliminated (Meyer,

1964). Moens (1974) has suggested that the coils found in the complex 

could be evidence of breakage and reunion leading to exchange.

Biochemical studies on meiosis have found that short stretches 

of DNA, randomly distributed on the chromosome, remain unreplicated 

until zygotene (Hotta, Ito, and Stern, 1966). Replication of this DNA 

occurs in conjunction with the formation of the synaptinemal complex 

(Stern and Hotta, 1969). This is consistent with the finding in 

Lilium, that the synaptinemal complex is initiated at several independent 

sites before the centromere or telomere are joined in zygotene (Moens,

1968). Burnham et al . (1972) suggest that zygotene DNA corresponds to 

the initial and secondary pairing sites which they propose exist in 

maize. 1

Hypotheses concerning zygotene pairing all have in common the 

idea that pairing occurs between specific sites rather than the entire 

chromosome and that it must occur at the DNA strand level in order for 

exchange to take place. Sybenga (1966) has postulated the zygomere as 

the unit which controls pairing. He compares it to a centromere in 

that it could be single or many and to the nucleolar organizer in that 

one might dominate over others. Similar to this are Kin g ’s (1970) 

synaptomeres. Units called zygosomes (pegs) attach to the synaptomeres



and interdigitation of these pegs produce the synaptinemal complex.

Stern and Hotta (1975) suggest that the axial elements of the synap

tinemal complex are the primary sites of pairing. Theories which rely 

on base pairing have been proposed by Pritchard (1960), Holliday (1968), 

and Ahnstrom and Natarajan (1968),

Although the principles seem to be similar, observations on 

pairing have shown that it is not rigidly identical in every organism. 

Studies indicate that there is variation between organisms, sexes and 

even cells within an individual. Pairing can begin at the centromere, 

as Darlington (1930) concluded from the position of chiasmata in 

Fritularia. Or, pairing can be initiated towards the ends of the 

chromosomes, producing the large rings observed in Oenothera (Gates, 

1908). In male and female Triturus cristatus, the position of the 

chiasmata differ (Watson and Callan, 1963) suggesting that pairing 

begins in different regions in the two sexes. A number of genes have 

been reported to control pairing in wheat (Riley and Law, 1965). Plants 

which lack chromosome 3B show univalents, while plants lacking chromo

some 5B show homoeologous pairing. When a single plant lacks both 

chromosomes, the meiotic cells resemble either 3B or 5B, but not both 

(Kempanna and Riley, 1962).

A great deal of information on homologous chromosome pairing 

during meiosis has come from studies on numerical and structural chromo

some variants. Belling and Blakeslee were the first to examine the 

meiotic configurations of secondary (1924) and tertiary (1926) trisomics 

The "donut-shaped" configuration produced by a secondary trisomic pair

ing with itself, and the "V-shaped" configuration produced by a tertiary



trisomic pairing with two non-homologons pairs was the first evidence 

that like ends must pair.

Haploids of 8-chromosome lines in barley have been studied to 

determine the amount of pairing between the extra chromosome and the 

normal chromosomes to which it is homologous (Fedak, 1977). It has been 

suggested that the lack of pairing observed is due to a lack of telo

meres on the extra chromosome, which is shorter than its normal counter

parts. Again, the chromosome end is implicated in the control of 

pairing.

Chromosome regions other than the end have been implicated in 

pairing initiation. John and Henderson (1962) concluded that at least 

6 independent sites per chromosome would be necessary to initiate pair

ing in Schistocerca gregaria in order to produce the complex, quadriva- 

lents observed in tetraploid cells. However, that there are no pairing 

sites around the centromere region in maize is evident from the observa

tion that a deleted centromere segment did not pair with its homologue 

(McClintock, 1931).

Sybenga has made an in-depth study of meiotic configurations in 

Secale in both numerical and structural variants (primary trisomics, 

1965a; telocentric trisomics, 1965b; interchange heterozygotes, 1966; 

tertiary trisomics, 1967; and, autotetraploids, 1975a). A general con

clusion from this work has been that meiotic configurations are deter

mined by the position and number of pairing initiation sites and the 

resulting chiasmata. Thus, studies of meiotic configurations are an 

indirect method of studying pairing and crossing over (Sybenga, 1975b).



Single reciprocal translocations are a very stable structural 

variant which have many uses including studying chromosome pairing. 

Homozygous translocations have little or no effect on the phenotype of 

most organisms, though they may change linkage groups and chromosome 

morphology (Burnham, 1956), Heterozygous translocations are generally 

recognized by the sterility produced by the segregation of the chromo

somes from the ring at metaphase I. Sterility was first noticed in 

Stizolobium (Belling, 1914), but it was not until a few years later that 

Belling (1925) hypothesized the correlation between sterility, translo

cations, and the pairing of more than two chromosomes in meiosis. 

Cytological and genetical evidence for Bellingfs hypothesis was reported 

in Oenothera (Cleland and Oehlkers, 1929), Pisum (Hammarlund and Hakans- 

son, 1930), and Zea (Burnham, 1930)»

The meiotic configurations which would be produced by inter

crossing single translocations involving the same two chromosomes were 

first considered by Thompson and Hutcheson (1942) in diploid wheat. By 

assuming homologous pairing of most regions, they concluded that when 

the breakpoints of the two translocations were in the same arms, the 

interchanged chromosomes would pair as two separate bivalents. An 

association of the four-interchanged chromosomes would result when the 

breakpoints were in the same arm of one chromosome and in the opposite 

arms of the second chromosome, or in the opposite arms of both chromo

somes. In the latter, it was proposed that a "double-cross" configura

tion would be found at pachytene, and in the former, a single-cross with 

a loop. Lamm and Miravalle (1959) found associations of four in a 

translocations intercross in Pisum in which the breakpoints in both
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chromosomes were in the opposite arms. They also suggested that a 

"double-cross" configuration at pachytene had produced the associations 

of four observed at metaphase I.

Gopinath and Burnham (1956), while making intercrosses with 

maize translocations, proposed that when the breakpoints are in the 

opposite arms of both chromosomes, the interchanged chromosomes might 

pair as two separate bivalents, if pairing was confined to only the ends 

or only the "between breaks" (differential) segments. They suggested 

that information on the forces controlling pairing could be obtained 

by studying the configurations produced by this particular type of 

intercross, i.e., an "opposite arms" intercross.

Observations of maize "opposite arms" intercrosses at pachytene 

(Tabata, 1963) confirmed the theoretical "double-cross" configuration of 

Thompson and Hutcheson (1942). In the same study, Gopinath1s -and Burn

ha m ’s (1956) proposal that two separate pairs might be formed was con

firmed. However, only pairs with the homologous end segments paired 

were found. Tabata (1962) concluded that the frequency of pairs found 

in this type of intercross is a function of the length of the inter

changed segments. The longer the interchanged segments, the higher t h e - 

frequency of pairs. Burnham and Stout (1968) noted that when the length 

of the interchanged segments was longer than six-tenths of the arm, the 

predominant configuration was pairs with the homologous ends paired.

In further studies of maize "opposite arms" intercrosses,

Burnham et al. (1972) attempted to determine where pairing begins and 

where it is next initiated. In the study, they considered each chromo

some to consist of ten equal-length parts. When all four interchanged
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segments were longer than seven-tenths of the arm, only pairs with the 

homologous ends paired could be found. Thus, it was concluded that 

primary pairing sites do not exist close to the centromere in maize.

From the same research, it was found that as the number of long 

interchanged segments decreased from 4 to 0, the frequency of associa

tions of four•increased. And as the length of the interchanged segments 

decreased to two-tenths of the arm, the frequency of associations in

creased up to 100%. At the onset of the study, it had been presumed, 

that as the interchanged segments got shorter, a point would be reached 

when the interchanged segments no longer contained a primary or second

ary pairing initiation site, resulting in "pairs" which had the homolo

gous differential (between breaks) segments paired instead of the end 

segments. Only one cell with "pairs" of this type was observed in a 

cross in which two of the four interchanged segments were shorter than 

two-tenths of the arm. It was suggested that if more interchanges with 

the breakpoints far out on the arms were available, then these "pairs" 

would possibly be observed more often.

Single translocations were first found in barley by Smith (1941) 

while attempting to discover the cause of sterility in mutant lines.

They played a major role in associating the established linkage groups 

(Robertson, Wiebe, and Immer, 1941) to the chromosomes of barley (Burn

ham, White, and Livers, 1954; Hagberg and Tjio, 1950; 1952). All 

seven chromosomes of barley had been assigned a linkage group and all 

21 combinations of translocated chromosomes had been isolated when this 

work was summarized in 1962 (Ramage, Burnham, and Hagberg, 1961).
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Single translocation intercrosses involving only two chromosomes 

have been studied in barley for the purpose of determining in which arms 

the translocation breakpoints are located. As in maize, crosses between 

translocations produce characteristic meiotic configurations dependent 

upon whether the break positions are in the same arms or in opposite 

arms or both.

Shih and Shebeski (1961) have studied intercrosses between 

translocations involving chromosomes 1 and 5 and intercrosses between

translocations involving chromosomes 2 and 3. In the theoretical con

figurations they considered, the assumption was made that homologous 

centromeres are always paired. Thus, they concluded a prevalence of 

associations of four to indicate that the breaks are in the opposite 

arms of both chromosomes.

Kasha and Burnham (1965a, b) have studied intercrosses between 

translocations involving chromosomes 2 and 3, intercrosses between

translocations involving chromosomes 3 and 7, and intercrosses between

translocations involving chromosomes 1 and 7. All of the intercrosses

were made between translocations in barley with known breakpoint posi

tions. They also considered theoretical pairing configurations, but 

with the assumption that pairing is initiated at the ends in barley.

Thus, the chromosome ends would always be homologously paired, though 

the differential segments may be non-homologously paired. The configu

rations observed substantiated this assumption. When the breakpoints 

were in the opposite arms of the two chromosomes, i.e., an "opposite 

arms" intercross, mostly 7 pairs were observed in metaphase I suggesting 

that pairing is restricted to the chromosome ends in barley.
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The Intercross Method described by Kasha and Burnham (1965b) has 

been used to assign breakpoints to chromosome arms by Eagberg, Lehmann, 

and Eagberg in translocations involving chromosomes 5 and 6 (1975), in 

translocations involving chromosomes 6 and 7 (1978), and in transloca

tions involving chromosomes 4 and 6 (in press).

Unlike maize, "opposite arms" intercrosses in barley have not 

been observed to produce many associations of four in metaphase I of 

meiosis. Kasha and Burnham (1965) found only 4 cells with associations 

of four out of a total of 1,082 cells observed in the T2-3 intercrosses 

which showed 7 pairs. however, MacDonald (1959) studied a Tl-6 "oppo

site arms" intercross in which two of the interchanged segments were 

known to be short. A mixture of rings, chains, and pairs was observed 

in the meiotic cells.

The genetic consequences of crossing over in the differential 

segments of an "opposite arms" intercross were first considered by 

Burnham (1968). A crossover in both differential segments in a single 

cell would produce two new chromosomes, each with reciprocally inter

changed segments in both arms, called a "2-chromosome, double inter

change." Gametes carrying the double interchange chromosomes could be 

isolated by a testcross with a multiple marker stock and selection of 

"high steriles" in the testcross progeny. Sets of "2-chromosome, 

double interchanges" have been constructed in maize and in Neurospora 

(Kowles, 1972).

A "2-chromosome, double interchange" was isolated in barley in 

the of a cross between T3-7c and T3-7d (Tuleen, personal communica

tion) . The interchange was isolated by checking the root tips of 82
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seed for a change in chromosome morphology. The new interchange has 

been designated T3-7c + T3-7d and has been placed in the World Collec

tion of Barley Translocations (Ramage, 1975).

The term double interchange or double translocation has been 

used in the literature to refer to other than "2-chromosome, double 

interchanges." The progeny of crosses between single translocations 

involving 2, 3 or 4 chromosomes have been referred to as double trans

location heterozygotes. The sterility produced by such a heterozygote 

has been studied in the mouse (Carter, Lyon, and Phillips, 1956) and in 

the insects Anopheles (McDonald and Rai, 1970), Culex (Laven, 1971), 

and Drosophila (Robinson and Curtis, 1972) for pest control. Stocks of 

double translocations involving 4 chromosomes, i.e., carrying two 

independent translocations, have been suggested for use in locating 

genes (Holm, 1969).

Single reciprocal translocations have been used in linkage 

tester sets and backcross breeding programs because of two unique char

acteristics (Anderson, 1956). Semisterility produced by a heterozygous 

translocation is an apparent marker and the lack of crossing over in 

the interstitial segment increases the length of the chromosome over 

which a linkage test is effective and facilitates transfer of genes.

These uses have been reviewed by Burnham (1962).

"2-chromosome, double interchanges" are desirable to replace 

single interchanges in linkage tester sets (Burnham, 1968). An inter

stitial segment is located on both sides of the centromere in a "2- 

chromosome, double interchange," thus crossing over is reduced in a 

longer segment of the chromosome and the length of the chromosome over



which linkage can be detected is greatly increased. In maize, an "All 

Arms Marker Series" of 30 interchange stocks presently used to locate 

genes could be replaced by 9 double interchange stocks (Burnham, 1968). 

Kowles (1972) has reported that in tests with multiple marker stocks in 

maize, "2-chromosome, double interchanges" appear more effective than 

single interchanges in detecting linkage.

For use in barley, it has been proposed that 5 double inter

change stocks involving all 7 chromosomes would be necessary to assign 

a gene to a chromosome (Fastnaught-McGriff and Ramage, 1977).



MATERIALS AND METHODS

lo "Opposite Arms" Intercrosses 

One-hundred and twenty-one lines homozygous for single trans- 

locations were selected from the World Collection of Barley Transloca

tions for use in "opposite arms" intercrosses. Selection of a line was 

based on known or proposed breakpoint positions. In this study, break

point position refers to the chromosome arm which carries the breakpoint 

and interchanged segment rather than to a specific place on the arm.

Each chromosome of barley is divided into a short arm and a long arm by

a centromere region. Within any one group of translocations (for 

example, Tl-5's or T 2 - 7 T s), a line with both breakpoints in the long 

arms of the chromosomes involved was chosen only if a line was available 

in the same group with both breakpoints in the short arms of the chromo

somes involved. A line with breakpoints in the short arm of one chromo

some and in the long arm of the other was chosen only when a line was 

available in the same group which had breakpoints in the long arm

of the first chromosome, and in the short arm of the second chromosome.

The lines selected represent 14 of the 21 possible combinations of

single translocations available in barley.

The single translocation lines were planted in individual rows 

at Bozeman, Montana in the summer of 1976. Translocation lines within 

a group were crossed in the combinations L-L x S-S or L-S x S-L, these 

designating the arms in which the breakpoints are located (L = long arm; 

S = short arm). A total of 213 "opposite arms" intercrosses were made.

16
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Table 1 lists the crosses made within each of the translocation groups 

and the reported breakpoints of the translocations involved in each of 

the crosses. Plants to be used as females in the crosses were emascu

lated two to three days before anthesis by removing the anthers from 

each flower on a spike. The emasculated spikes were covered with 

glassine bags immediately. Two to three days later, the emasculated 

flowers were pollinated and rebagged. At that time, flowers which were 

not open were removed in case they were contaminants.

Parents and crosses were harvested in September, 1976 and taken 

to Tucson, Arizona. The seed were planted in 3.8 liter pots, one

seed to a pot, in the greenhouse during September and October, 1976. 

Planting was staggered to avoid having to collect all the material at 

once. One plant from each cross was grown.

Microsporocytes from all F^ plants were collected over a period 

extending from December, 1976 to March, 1977. Anthers containing the 

meiotic stages of prophase and metaphase could be obtained by collect

ing young spikes which were about 2.3 cm. to 6 cm. in length. The 

spikes were killed and fixed in a freshly made solution of three parts 

95% ethanol to one part glacial acetic acid. After a week, they were . 

transferred to 70% ethanol and stored at 10°C until analyzed.

The acetocarmine smear technique was used to examine micro

sporocytes. The stages of meiosis analyzed were prophase I, including 

pachytene, diplotene, and diakinesis, and metaphase I. The extent of 

pairing between the interchange chromosomes was studied in pachytene 

and diplotene. This included looking for evidence of a double-cross 

configuration and for "pairs" in which only the differential segments
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are homologously paired. In diakinesis and metaphase I the frequency 

and types of associations which the four interchanged chromosomes formed 

were recorded. This included the frequency of pairs and the frequency 

of associations of four.

Ovule sterility of all plants was recorded at harvest in May, 

1977o Ovule sterility was determined by dividing the number of empty 

flowers by the total number of flowers. The lowest and uppermost flowers 

were not included in these numbers. In all but 28 plants, the counts 

were taken from 10 to 15 spikes. Because of the conflicting reports on 

the correlation between ovule sterility and pollen sterility, pollen 

was collected from some of the plants as a check on the ovule sterility. 

Pollen was collected on the day of anthesis and placed in the same solu

tions used for microsporocytes. Pollen sterility was determined using 

the lodine-Potassium Iodide method.

Based on the cytological and sterility data, the remaining 

seed of selected crosses were grown in Bozeman, Montana in the summer of 

1977 in order to isolate "2-chromosome, double interchanges."

II. Cytology and Genetics of T3-7c + T3-7d 

A single row of the "2-chromosome, double interchange," T3-7c + 

T3-7d, was grown alongside the single translocations at Bozeman in 1976. 

This was backcrossed to the parent translocations, T3-7c and T3-7d, 

using the emasculation procedure. The double interchange was also 

crossed to a normal plant homozygous for the male sterility gene, msg 2. 

F ^ ’s of these crosses were grown in the greenhouse and microsporocytes 

and sterility data were collected by the methods used on the F^'s of the
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"opposite arms" intercrosses. Pairing between the normal and double 

interchange chromosomes and between the single interchange and double 

interchange- chromosomes was studied.

plants of the double interchange, T3-7c + T 3 - 7 d ,  x the 

normal male sterile were grown at Bozeman, Montana in the summer of 1977 

in order to check the segregation of 50% steriles versus fertiles versus 

male steriles.



Table 1. Translocation Intercrosses and Reported Breakpoints of the Single Translocations (Trans. = 
translocation; S = short arm; L = long arm; Sat = satellite; Cen = centromere).

Intercross
Reported 
Trans. 1

Breakpoints 
x Trans. 2

Auth
ority Intercross

Reported 
Trans. 1

Breakpoints 
x Trans. 2

Auth
ority

Tl-5a x -b L-S S-L 2,1 Tl-6a x -u S-Sat L-L 1,4
-d L-S S-L 2,1 —w S—Sat L—L 1,4
-f L-S S-L 2,1 -x S—Sat L-L 1,4
-v L-S S-L • 2,4 -y S—Sat L-L 1,4
-x L-S S—L 2,4 Tl-6u x -c s-s L—L 4,4
-ad L-S - S-L 2,4 -y s-s L-L 4,4

Tl-5b x -e S-L L-S 1,1
-h S-L L-S 1,1 Tl-7e x -1 L-L S—Sat 2,4
-z S-L L-S 1,4 Tl-7f x -1 L-L S-Sat 2,4

Tl-5d x -e S-L L-S 1,1
-h S-L L-S 1,1 T2-3a x -e S-S L-L 3,3
-z S-L L-S 1,4 -f S-S L-L 3,3

Tl-5e x -f L—S S-L 1,1 -g S-S L-L 3,3
-v L-S S-L 1,4 -h s-s L-L 3,3
-x L-S S-L 1,4 T2-3b x -e s-s L-L 3,3
-ad L-S S-L 1,4 -f s-s L-L 3,3

Tl-5f x -h S-L L-S 1,1 -g s-s L-L 3,3
— z S-L L—S 1,4 -h s-s L-L 3,3

Tl-5h x -v L-S S-L 1,4 T2-3c x -d S-L L-S 3,3
-x L-S S-L 1,4 T 2-3d x -e L-S L-L 3,3
-ad L-S S-L 1,4

Tl-5v x -z S-L L-S 4,4 T2-51 x -u L—L S-S 4,4
Tl-5x x -z S-L L-S 4,4 T2-5p x -u L-L S-S 5,4
Tl-5z x -ad L-S S-L 4,4

T2-6e x -h L-S S-L 4,8
Tl-6a x -c S— Sat L-L 1,4 -o L-S » ?—L 4,4

-d S-Sat L-L 1,4 -y L-S S-L 4,4
-i S—Sat L-L 1,4 T2-6h x -i S-L L—S 8,4
—11 S-Sat L-L 1,4 -o S-L ?-S 8,4
-t S-Sat L-L 1,4 -u S-L S-L 8,5 .



Table 1. (cont.)

Reported Breakpoints Auth- 
Intercross Trans. 1 x Trans. 2______ority
T2-61 x -o L —S ?-S ,4,4

-y L-S S—L 4,4
T2-6o x -y ?-S S-L 4,4
T2-6u x -y L-S S-L 5,4

T3-5h x -u L-S S-L 5,4

T3-6c x -r S-L L-S 1,4
T3-6j x -1 S-S L-L 8,5

-m S-S L-L 8,5
-n S-S L-L 8,5

T3-6k x -1 S-S L-L 4,5
-m S-S L-L 4,5
-n S-S L-L 4,5

T3-61 x -p L-L S-S 5,4
T3^6m x -p L-L S-S 5,4
T3-6n x -p L-L S-S 5,4

T3-7a x -b S-L L—S 3,3
-d S-L L-S 3,1
-n S-L L-S 3,4

T3-7b x -c L-S S-L 3,3
-h L-S S-L 3,4
-1 L—S S—L 3,4
-m L—S S-L 3,4
-aa L-S S-L 3,4

T3-7c x -d S-L L-S 3,1
-n S-L L-S 3,4

T3-7d x -h L-S S-L 1,4
-1 L-S S-L 1,4
-m L-S S-L 1,4

Reported
Intercross Trans. 1
T3-7d X -aa L-S
T3-7e X -f S-S

-k S-S
-q S-S
— ab S-S

T3-7h X -n S-L
T3-71 X -n S-L
T3-7m X -n S-L
T3-7n X -aa L-S

T4-5b X -o S-L
—w S-L

T4-5d X -o S-L
-w S-L

T4-5o X -t L-S
-v L-S

T4-5t X —w S-L
T4-5v X -w S-L

T4-6e X -n L-L
-q L-L

T5-6a X -i S-L
-q S-L
-r S-L

T5-6b X -c L-L
-m L-L
- t L-L

T5-6c X -d S-S
"g S-S
-h S-S

'Breakpoints Auth-
x Trans. 2_____ ority

S-L 1,4
L—L 4,4
L-L 4,4
L-L 4,4
L-L 4,4
L-S 4,4
L-S 4,4
L-S 4,4
S-L 4,4

L-S 4,5
L-S 4,- ■
L-S 1,5
L-S 1,-
S-L 5,4
S-L 5,4
L-S 4,-
L-S 4,-

S-S 4,4
S-S 4,4

L-S 1,6
L-S 1,6
L-S 1,6
S—S 6,6

S-Sat 6,6
S—Sat 6,6
L —S 6,6
L-S 6,6
L-S 6,6



Table 1» (cont.)

Reported 
Intercross Trans. 1
T5-6c X -k' S-S

-n S-S
-o S-S
-P S-S
-s S-S
~u S-S
-V S-S

T5-6d X -in L-L
-t L-L

T5-6e X -1 S-L
-q S-L
-r S-L

T5~6f X -1 S-L
-q S-L
-r S-L

T5-6g X -m L-L
-t L-L

T5~6h X -m L-L
-t L—L

T5-6j X -1 S-L
-q S-L
-r S-L

T5-6k X -m L-L
-t L-L

T5-6m X -o S-Sat
-P S-Sat
-u S-Sat

T5-6n X -t L-L
T5-6o X -t L-L
T5-6p X -t L-L
T5-6s X -t L-L

Breakpoints Auth-
x Trans. 2______ority

L-S 6,6
L-S 6,6
L-S 6,6
L—S 6,6
L-S 6,6
L-S 6,6
L-S 6,6
S-Sat 6,6
S—Sat 6,6
L-S 6,6
L-S 6,6
L-S 6,6
L-S 6,6
L-S 6,6
L-S 6,6

S-Sat 6,6
S-Sat 6,6
S-Sat 6,6
S—Sat 6,6
L-S 6,6
L-S 6,6
L-S 6,6
S—Sat 6,6
S-Sat 6,6
L-L 6,6
L-L 6,6
L-L 6,6
S-Sat 6,6
S—Sat 6,6
S-Sat 6,6
S-Sat 6,6

Reported
Intercross Trans. 1
T5-6t X -u S-Sat

-v S-Sat

T5-7b X -o S-L
T5-7d X -m L-L

-P L-L
-r L-L
-aa L-L

T5-7e X -m L-L
-P L-L
-r L-L
-aa L-L

T5-7f X -m L-L
-P L-L
-r L-L
-aa L-L

T5-7g X -m L-L
-P L-L
-r L-L
-aa L-L

T5-7h X -m L-L
-r L-L
-aa L-L

T5-7i X -m L-L
-r L-L
-aa L-L

T5-7 j X -o S-L
T5-7k X "P L-L

-r L-L
-aa L-L

T5-71 X -o S-L

Breakpoints Auth-
x Trans. 2______ority

L-L 6,6
L-L 6,6

L-Sat 4,4
S-S 4,4

S-Sat 4,4
S-S 4,4

S-Sat 4,4
S-S 4,4

S—Sat 4,4
S-S 4,4

S-Sat 4,4
S-S 8,4

S—Sat 8,4
S-S 8,4

S—Sat 8,4
S-S 4,4

S—Sat 4,4
S-S 4,4

S—Sat 4,4
S-S 8,4
S-S 8,4

S—Sat 8,4
S-S 4,4
S-S 4,4

S-Sat 4,4
L-Sat 4,4
S—Sat 4,4
S-S 4,4

S—Sat 4,4
L-Sat 4,4

lx)



Table 1. (cont.)

Intercross
Reported 
Trans. 1

Breakpoints 
x Transo 2

Auth
ority

T5-7m x -s S-S L-L 4,4
T5~7p x -s S-Sat . L-L 4,4

T6-7a x -b Cen- Cen L-L 2,2
-c Cen- Cen S-S 2,2
-d Cen-Cen S-Cen 2,2
-i Cen- Cen • L-S 2,8
-k Cen-Cen S-Sat 2,8
-1 Cen-Cen Cen-S 2,8
-m Cen- Cen S-L 2,8
-n Cen- Cen L-L 2,8
-t Cen- Cen L(S)-L(S) 2,5
-aq Cen- Cen S(L)-S(L) 2,7

T6-7b x -c L-L S-S 2,2
-d L-L S- Cen 2,2
-k L-L S-Sat 2,8
-.1 L-L Cen-S 2,8
-t L-L L(S)-L(S) 2,5
-aq L-L S(L)-S(L) 2,7

T6-7c x -d S-S S-Cen 2,2
-1 S-S Cen- S 2,8
—t S-S L(S)-L(S) 2,5
-aq , S-S S(L)-S(L) 2,7

T6-7d x -i S-Cen L-S 2,8
-k S-Cen S-Sat 2,8
-1 S-Cen Cen-S 2,8
-m S-Cen S-L 2,8
-n S-Cen L-L 2,8
-t S-Cen L(S)-L(S) 2,5
-aq S-cen S(L)-S(L) 2,7

Reported Breakpoints
Intercross Trans, 1 x Trans. 2
T 6--7i X -m L-S S-L

-aq L —S S(L)-S(L)
T 6--7k X -1 S—Sat Cen-S

-t S-Sat L(S)-L(S)
-aq S-Sat S(L)-S(L)

T 6--71 X -m Cen— S S-L
-n Cen-S L-L
-t Cen-S L(S)-L(S)
-aq Cen-S S(L)-S(L)

T 6--7m X -aq S-L S(L)-S(L)
T 6--7n X -aq L-L S (L)-S (L)
T 6--7t X -aq L(S)-L(S) S(L)-S(L)

Authority

1. Burnham, C.R., and A. Hagberg, 1956.
2. Ramage, R.T.et al., 1951.
3. Kasha, K.J., and C.R. Burnham, 1965b.
4. Tuleen, N.A., 1974.
5. Hauser, H . , and G. Fischbeck, 1973.
6. Hagberg, G.et al., 1975.
7. Clark, D.R., and R.T. Ramage, 1976.
8. Hagberg, A., 1967.

Auth
ority
8,8
8.7
8.8
8.5
8.7
8.8 
8,8
8.5
8.7
8.7
8.7
5.7



RESULTS AND DISCUSSION

I. "Opposite Arms Intercrosses11

Ao Pairing at Pachytene and Diplotene

Pachytene cells were examined in order to determine directly the 

degree of pairing between the four interchanged chromosomes. Diplotene 

cells were analyzed for remnants of associations of four in the form of 

a double-cross or T-configuration and for "pairs" in which the differ

ential segments are paired.

Intercalary loops were observed in nine of the intercrosses,

Tl-5h x —x , Tl— 7f x — 1, T 2—51 x - u , T 2—6u x -y, T 3—7e x —k , T5-6e x - r ,

T5-7i x -m, T6-7c x -t, and T6-7m x -aq. A cell from the intercross

T3-7e x -k is shown in Fig. 1-a. The arrow indicates the region where

pairing is disrupted so that one of the chromosomes forms a large loop.

In contrast, a small loop can be observed in Fig. 1-b, a cell from the 

intercross, Tl-7f x -1.

Single strands originating from paired strands were observed in 

a single cell of the intercross Tl-5a x -d which is shown in Fig. 1-c. 

The strands are paired in the region indicated by the arrow and they are 

separated just below that region. Because the single strands are ob

scured by admass of strands, it is not possible to determine whether 

they end or commence pairing once again.

Pachytene cells of barley have been analyzed previously (Sar- 

vella, Holngren, and Nilan, 1958; MacDonald, 1961) with the conclusion

24



Figure lo Pachytene and Diplotene Cells of the F ^ fs of Translocation 
Intercrosses»

A. Large intercalary loop (arrow) in a pachytene cell from the F. 
of T3-7e x -ko

Bo Small intercalary loop (arrow) in a pachytene cell from the F 1 
of Tl-7f x -lo

Co Single chromosome strands originating from a paired region 
(arrow) in a pachytene cell from the F^ of Tl-5a x -d.

Do Cross configuration in a diplotene cell from the F^ of T4-5b 
x -Wo Arrow indicates a very short chromosome.
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Figure 1. Pachytene and Diplotene Cells of the F^'s of 
Translocation Intercrosses.
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that the clumping of the chromosomes makes the cells difficult to ana

lyze. Although well-stained and well-spread pachytene cells were 

obtained in this study, the time spent in analyzing a single plant made 

it unfeasible to examine every at this time.

Unpaired chromosome ends, intercalary loops, and double-cross 

and T-configurations have been observed in pachytene cells of maize in 

a number of studies (Gopinath and Burnham, 1956; Tabata, 1963). Double- 

cross and T-configurations or any other indications of associations of 

four were not observed in the pachytene cells analyzed in this study. 

Because the length of strand necessary to observe a double-cross config

uration would be relatively long, it is doubtful that one will be 

observed in barley using normal cytological technique.

Chromosome pairing can be studied in diplotene cells of barley 

as illustrated in Fig. 1-d. The cross-configuration observed in this 

cell, from the intercross T4-5b x -w, is similar to those observed in 

plants heterozygous for a single"translocation. Atypical pairs or 

associations of four were not observed in any of the diplotene cells 

examined; However, few well-spread diplotene cells were observed. 

Therefore, further examination of this meiotic stage might be worthwhile 

in future studies of chromosome pairing.

B. Metaphase I Configurations and Sterility

The metaphase I configurations observed in the F^ plants ranged 

from all 71I?s, through varying percentages of 711?s and associations of 

four, to all associations of four. A ring of six chromosomes was ob

served in all the cells of a few plants.
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A summary of the metaphase I configurations observed in cells of

the intercrosses within each translocation group is given in Table 2.

Of the 213 plants, 711?s were observed in 58, a mixture of 711fs and 

associations of four were observed in 102, only associations of four 

were observed in 13, and only rings of six chromosomes were observed in 

10,• Cytological data were not collected for 30 of the plants.

Ovule sterility was recorded for each of the F^ plants and 

pollen sterility was recorded for a few selected F^ plants. Sterility

ranged from a low of 0% to a high of 65%.

The cytological and sterility data obtained from each of the F^ 

plants are given in Tables 3 through 10. In these tables, each of the 

F^ plants is designated by the intercross which was made to produce it. 

The breakpoints which are listed with each intercross are those which 

have been reported previous to the onset of this study. A discussion 

of the data presented in Tables 3 through 10 can be found grouped 

according to the chromosomes involved in the intercrosses (i.e., TT-5's, 

TT-6's, TT-7's, etc.).

From the cytological and sterility data obtained, it was possible 

in most cases, to confirm the reported breakpoints or to suggest changes 

in the reported breakpoints. A confirmation or suggested change is 

given in Tables 3 through 10 along with the data collected from each F^ 

plant.

As stated previously, the translocations used in this study were 

selected on the basis of their reported breakpoints. The purpose of the 

study was to cross single translocations involving the same chromosomes, 

but having breakpoints in opposite arms, i.e., "opposite arms"



Table 2. A Summary of the Metaphase I Configurations Observed Within Each Translocation Group 
(711 = seven pairs; 04 = association of four; 06 = association of six)„

Translocation # 711
Group ________  Crosses________Only
Tl-5 24 6
Tl-6 11 2
Tl-7 2 0
T2-3 10 3
T2-5 2 1
T2-6 10 3
T3-5 1 0
T3-6 10 1
T3-7 22 10
T4-5 8 2
T4-6 2 0
T5-6 42 19
T5-7 30 7
T6-7 , _39 _4

TOTALS 213 58

Metaphase I Configurations
Mixed 04's 06’s No

7111 s + 04' s  Only  Only Data
12 2 0 4
7 1 0 1
2 0 0 0
5 0 0 2
1 0 0 0
4 0 2 1
1 0 0. 0
6 0 0 3
5 1 0 6
4 2 0 0
2 0 0 0
20 0 0 3
21 1 0 1
12 6 8 9

102 13 10 30
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intercrosses» However, if the breakpoints were incorrect, then inter

crosses other than "opposite arms" intercrosses would be made.

There are three types of crosses which can be made between 

single translocations involving the same chromosomes. The three types 

are distinguished by the position of the breakpoints (Gopinath and 

Burnham, 1956). The type desired for this study, as mentioned above, 

has the breakpoints in the opposite arms of both chromosomes involved 

in the translocations (S-L x L-S or S-S x L-L), i.e., the "opposite arms" 

intercross. A second type has the breakpoints in the same arms of both
i

chromosomes (S-S x S-S, L-L x L-L, S-L x S-L, and L-S x L-S), i.e., a 

"same arms" intercross. The third type has breakpoints in the opposite 

arms of one chromosome and in the same arms of the other chromosome 

(S-L x S— S , S—L x L—L , L— S x S—S , L-S x L—L ) , i.e., a "same arm - 

opposite arm" intercross.

A method of predicting the type of intercross from the metaphase 

I and sterility data is called the Intercross Method (Kasha and Burnham, 

1965b). This method predicts that the of an "opposite arms" inter

cross will show mostly 711Ts at metaphase I and be approximately 50%

sterile. The F- of a "same arms" intercross will also show 7111s at 1
metaphase I, but it will have less than 50% sterility. The F^ of a 

"same arm - opposite arm" intercross will have less than 50% sterility 

(usually closer to 30%) but at metaphase I mostly associations of four 

are observed. The changes in breakpoints suggested in Tables 3-10 were 

made using this method.

Certain metaphase I configurations indicated the presence of an 

association of four chromosomes. When two chromosomes of a pair were
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observed traveling to the same pole, it was assumed that this was the 

result of adjacent segregation from an association of four. Therefore, 

even though the association was never observed, this configuration was 

counted as an association of four. In Tables 3-10, counts of P-S-P 

(pairs to the same pole) have been listed separate from associations 

of four under the metaphase I configurations. However, discussion of 

associations of four generally refers to both P-S-P and associations of 

four which are listed in the Tables 3-10. Further discussion of the 

P-S-P configuration can be found in the section titled’ "Variations in 

Associations of Four Chromosomes at Metaphase I."

1. Tl-5's

Ten single translocations involving chromosome 1 and chromosome

5 were used to make 24 intercrosses. The intercrosses, the reported 

breakpoints of the single translocations involved in the intercrosses, 

and the metaphase I configurations and ovule and pollen sterility ob

served in the progeny of the intercrosses are given in Table 3. Based 

on the cytological and sterility data presented in Table 3, either 

confirmations of or suggested changes in the reported breakpoints of the 

single translocations involved in the intercrosses are presented in the 

last column of that table.

The breakpoint positions of four of the translocations, Tl-5a,

-e, -h, and -z, have been reported to be in the long arm of chromosome 

1 and in the short arm of chromosome 5. These were crossed to six of 

the translocations, Tl-5b, - d , -f, -v, -x, and -ad, in which the break

points have been reported to be in the short arm of chromosome 1 and in
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the long arm of chromosome 5. These 24 crosses should be L-S x S-L 

"opposite arms" intercrosses,

The progeny of six of the intercrosses, Tl-5a x - b , -a x -d,

-a x -ad, -b x -e, -d x -e, and -e x -ad, had about 50% sterility. The 

metaphase I configurations observed in these progeny were mainly 7111s 

with associations of four observed in a few cells. The sterility and 

metaphase I configurations observed in the progeny indicate that these 

six crosses are L-S x S-L "opposite arms" intercrosses and confirm the 

reported breakpoints given in Table 3 for the translocations involved 

in the intercrosses.

The F^ progeny of one intercross, Tl-5e x -v, had 55% sterility. 

The metaphase I configurations observed were mainly 711T s , with five 

out of 106 cells showing indications of associations of four in the form 

of a pair traveling to the same pole (P-S-P). The data indicate that 

this is an "opposite arms" intercross and confirm the reported break

points given in Table 3 for the translocations involved in the inter

cross.

The F^ progeny of a second intercross involving Tl-5v, Tl-5a x 

-v, had 31% ovule,sterility and 26% pollen sterility. Metaphase I con

figurations from the F^ progeny of this intercross were not observed.

The low sterility observed indicates that this is not an "opposite arms" 

intercross. However, the breakpoints of the two translocations involved, 

Tl-5a and -v, have been confirmed to be L-S and S-L by crosses discussed 

previously. Therefore, it is possible that the plant designated the F^ 

progeny of Tl-5a x -v is the result of contamination instead of a cross.
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The progeny of two of the intercrosses, Tl-5a x -x and -e x 

-x, showed only 7II’s at metaphase I. The of Tl-5a x -x had 34% ovule 

sterility and 25% pollen sterility. The F^ of Tl-5e x -x had no ovule 

sterility and 37% pollen sterility. The low sterility and the metaphase 

I configurations indicate that the translocations crossed have break

points in the same arms. Based on the confirmed breakpoints of L-S for 

Tl-5a and -e, the breakpoints of TI-5x should be L-S as suggested in 

Table 3.

The F^ progeny of two of the intercrosses, Tl-5a x -f and -e x 

-f, showed mainly associations of four with some 711T s . The F^ of 

Tl-5a x -f had about 30% sterility and the F^ of Tl-5e x -f had about 

46% sterility. The prevalence of associations of four in the metaphase 

I cells indicate that the two intercrosses may not be "opposite arms" 

intercrosses.

A previous study (Larref, 1973) on Tl-5 intercrosses reported 

that the F^ of Tl-5f x -k (not used in this study) shows mostly associa

tions of four at metaphase I. Also, when Tl-5f and -k were crossed to 

Tl-5b, -c, -d, and -e, the progeny of these crosses showed mostly 

associations of four at metaphase I. Linkage data alone can determine 

which set of crosses involving Tl-5f are "opposite arms" intercrosses. 

Because linkage data is not available, the reported breakpoints of 

Tl-5f given in Table 3, have not been changed, even though the cytology 

and sterility observed in this study indicates that they are either L-L

or S-S instead of S-L.
• - " \

The Fj progeny of five of the intercrosses, all involving Tl-5z, 

had between 22% and 39% sterility. Metaphase I configurations were not
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observed in two of the F^'s, Tl-5f x -z and -v x - z . Mainly associa

tions of four were observed in the metaphase I cells of the other three 

F^'s, Tl-5b x -z, -d x -z and -z x -ad. The sterility and metaphase 1 

configurations indicate that the crosses are not "opposite arms" inter

crosses.

From karyotype observations, Tuleen (personal communication,

1974) reported that the long arm of chromosome 5 in Tl-5z is longer 

than normal, suggesting that the breakpoint of Tl-5z in chromosome 5 is 

in the long arm. *Based on the cytological and sterility data given in 

Table 3, and on the observations made/by Tuleen, the breakpoints of 

Tl-5z should be changed from L-S to L-L as suggested in Table 3.

The F^ progeny of one of the intercrosses involving Tl-5z,

Tl-5x x -z, had about 50% sterility. 'Metaphase I configurations from 

this F^ were not observed. The sterility data alone indicates that this 

is an "opposite arms" intercross. However, cytological and sterility 

data from other crosses involving Tl-5z suggested a change in the break

points of Tl-5z, from L-S to L-L. Therefore, this intercross should not 

be an "opposite arms" intercross.

The F^ progeny of five of the intercrosses, all involving Tl-5h, 

had about 50% sterility. Four of the F^'s, Tl-5b x -h, -f x -h, -h x -v, 

and -h x -x, had metaphase I cells which showed mainly associations of 

four with some 711?s. This indicates that the crosses are not "opposite 

arms" intercrosses. The fifth F^, Tl-5d x -h, had metaphase I cell's 

which showed only 711 ’s, indicating the cross may be an "opposite arms" 

intercross.
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The confirmed breakpoints of Tl-5b, -d, and -v are S-L. Crosses 

involving these three translocations and Tl~5h should all be the same 

type of intercross. However, the F ^ ?s of Tl-5b x -h and -h x -v show 

associations of four, and the of Tl-5d x -h shows only 711's. It is 

possible that the plant designated the F^ of Tl-5d x -h is the result of 

accidental contamination rather than a cross.

Based on the observation of a high frequency of associations of 

four in most of the F ^ ?s of intercrosses involving Tl-5h, it is probable 

that the crosses involving Tl-5h are not "opposite arms" intercrosses. 

Thus, the breakpoints of Tl-5h should be L-L or S-S instead of L - S .

Because changes in the karyotype of chromosome 5 are more obvious than 

changes in the karyotype of chromosome 1, breakpoints in chromosome 5 

which are identified based on karyotype observations, are generally more 

accurate than breakpoints in chromosome 1 identified in the same manner. 

Based on this assumption, the breakpoints of Tl-5h as suggested in Table 

3, should be S-S.

The F^ progeny of one of the intercrosses, Tl-5h x -ad, showed 

all 7111s at metaphase I and had no ovule sterility. Based on other 

data given in Table 3, it is not likely that Tl-5h and Tl-5ad have 

breakpoints in the same arms. Therefore, the plant designated the F- of 

Tl-5h x -ad, was probably the result of selfing instead of a cross.

Eight of the 24 T 1-5 intercrosses have been confirmed as "oppo

site arms" intercrosses. Three of them, Tl-5a x - b , -a x -d, and -a x 

-v had only 7111s observed in the metaphase I cells of the F^ progeny. 

Lack of associations of four could be due to : (1) the small number of

cells observed, or (2) lack of pairing initiation sites in the



differential segments of the interchanged chromosomes. Associations of 

four were observed in the progeny of the other five "opposite arms" 

intercrosses, Tl-5a x -ad, -b x -e, -d x -e, -e x -v, and -e x -ad. 

Isolation of "2-chromosome, double interchanges" may be possible from 

these five "opposite arms" intercrosses in which associations of four 

were observed.

It can be seen that either Tl-5a or Tl-5e was involved in all 

eight of the confirmed "opposite arms" intercrosses. A greater number 

of associations of four were observed in the progeny of intercrosses 

involving Tl-5e than in the F^ progeny of intercrosses involving Tl-5a,

21 in comparison with one. This suggests that the interchanged segments 

of TI-5e might be shorter than the interchanged segments of Tl-5a. Thus, 

the associations of four would be the result of the presence of a strong 

pairing initiation site in the longer differential segment of Tl-5e. 

Linkage studies may provide further evidence of the length of the trans

located sements of Tl-5e.

2. Tl-6's
Ten single translocations involving chromosome 1 and chromosome 

6 were used to make 11 intercrosses. The intercrosses, the reported 

breakpoints of the single translocations involved in the intercrosses, 

and the metaphase I configurations and ovule and pollen sterility ob

served in the progeny of the intercrosses are given in Table 4. Based 

on the cytological and sterility data presented in Table 4, either 

confirmations of or suggested changes in the reported breakpoints of



Table 3. Metaphase I Configurations and Sterility Observed in T 1-5 Intercrosses and Breakpoint 
Positions Based on These Observations.
(S = short arm; L = long arm; P-S-P = pair to the same pole; 04 = association of four; 
711 = seven pairs)

No, MI Configurations % Sterility Confirmed

Intercross
Reported

Breakpoints 711 04 P-S-P Female Male
or Revised 

Breakpoints
Tl-5a x -b L-S x S-L 146 0 0 45 48 L— S x S—L

—d L —S x S-L 91 0 0 50 44 L-S x S-L
-f L—S x. S-L 10 20 0 32 25 L —S x S—L
-v L— S x S—L — — - - - 31 26 L-S x S-L
-x L—S x S —L 134 0 0 34 25 L —S x L —S
-ad L-S x S-L 94 1 0 47 45 L-S x S-L

Tl-5b x -e S—L x L-S 143 0 5 47 47 S—L x L —S
-h S-L x L-S 0 85 0 49 37 S-L x S(L)-S(L)
-z S-L x L-S 8 144 0 40 22 S-L x S(L)-S(L)

Tl-5d x -e S-L x L-S 300 2 0 50 - S—L x L —S
-h S-L x L-S 165 0 0 56 41 S-L x S(L)-S(L)
-z S—L x L—S 0 73 0 39 28 S-L x S(L)-S(L)

Tl-5e x -f L —S x S—L 20 135 0 48 44 L—S x S—L
-v L—S x S-L 101 0 5 55 - L-S x S-L
-x L-S x S—L 94 0 0 0 38 L-S x L-S

. -ad L—S x S—L 127 0 9 44 - L-S x S-L
Tl-5f x -h S—L x L— S 17 134 0 54 - S-L x S(L)-S(L)

-z S-L x L— S -- - - 35 - S-L x S(L)-S(L)
Tl-5h x -v L-S x S—L 50 88 0 45 - S(L)-S(L) x S-L

-x L—S x S—L 35 111 0 50 —— S(L)-S(L) x L-S
-ad L— S x S—L 87 0 0 0 .- S(L)-S(L) x S-L

Tl-5v x -z S-L x L-S -- -- - 38 -- S-L x S(L)-S(L)
Tl-5x x -z S-L x L-S -- - - 50 51 L-S x S(L)-S(L)
Tl-5z x -ad L-S x S-L 22 15 - 36 25 S(L)-S(L) x S-L

36
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the single translocations involved in the intercrosses are presented in 

the last column of that table.

The breakpoint positions of two of the translocations, Tl-6c 
and - y , have been reported to be in the long arms of both chromosomes 1
and 60 These were crossed to Tl-6u, in which the breakpoint positions

have been reported to be in the short arms of both chromosomes 1 and 6. 
These two crosses should be L-L x S-S "opposite arms" intercrosses.

The progeny of the intercrosses, Tl-60 x -u and -u x -y, had 

about 50% sterility. Metaphase I configurations were observed from the 

of Tl-6c x -u. The configurations observed in all cells were 711's.

The sterility and cytology indicate that the two crosses are L-L x S-S
}

"opposite arms" intercrosses, and confirm the reported breakpoints of 

the single translocations involved in the intercrosses.

The translocations Tl-6c and -y were also crossed to Tl-6a, in

which the breakpoints have been reported to be in the short arm of

chromosome 1 and in the satellite of chromosome 6. These two crosses 

may be L-L x S-Sat "opposite arms" intercrosses.

The F^ progeny of the two intercrosses, Tl-6a x -c and -a x -y, 

had about 45% sterility. The metaphse I configurations observed were 

mainly associations of .four with some 711’s observed. The metaphase I 

configurations indicate that these crosses are not "opposite arms" 

intercrosses.

The breakpoints of Tl-6c and -y have been confirmed as L-L.

Since "opposite arms" intercrosses were not made when these two trans- 

locations were crossed to Tl-6a, the breakpoints of Tl-6a should be 

L-Sat or S-L, instead of S-Sat. Based on the assumption that
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breakpoints reported on chromosome 6 are more accurate because changes 
in the karyotype of chromosome 6 are more obvious 9 the breakpoints of 

Tl-6a, as suggested in Table 4, should be L-Sat instead of S-Sat.

The translocation Tl-6a with reported breakpoints S-Sat was 

also crossed to Tl-6u with confirmed breakpoints S-S in order to provide 

better evidence of the breakpoints of Tl-6a. The of the intercross 

had 40% sterility and showed only association of four in the metaphase 

I cells. This indicates that the cross is neither an "opposite arms" 

intercross or a "same arms" intercross and that the breakpoints of Tl-6a 
should be changed as suggested above.

The translocation Tl-6a with reported breakpoints S-Sat and 

suggested breakpoints L-Sat was crossed to six of the translocations, 

Tl-6d, -i, -1, -t, -w, and - x , in which the breakpoints have been re

ported to be in the short arm of chromosome 1 and in the long arm of 

chromosome 6. These six crosses may be L-Sat x S-L "opposite arms" 

intercrosses.

The progeny of five of these intercrosses, Tl-6a x -d, -a x 

-1, -a x -t, -a x -w, and -a x -x, had about 50% sterility. The meta- 

phase I configurations observed were mainly 711’s with some associations 

of four. The sterility.and cytology indicate that these five crosses 

are L-Sat x S-L "opposite arms" intercrosses and confirm that the 

breakpoints of Tl-6a should be changed to L-Sat as suggested in Table 4.

The F^ progeny of one of the intercrosses, Tl-6a x - i , had 40% 

ovule sterility and 20% pollen sterility. The metaphase I configura

tions observed from the F^ of the intercross were mainly associations
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Table 4. Metaphase I Configurations and Sterility Observed in Tl-6, Tl-7, and T2-3 Intercrosses and 
Breakpoint Positions Based on These Observations.
(S = short arm; L = long arm; Sat = satellite; P-S-P - pair to the same pole; 04 = asso
ciation of four; 711 = seven pairs)

No. MI Configurations % Sterility Confirmed

Intercross
Reported

Breakpoints 711 04 P-S-P F emale Male
or Revised 

Breakpoints
Tl-6a x -c S— Sat x L—L 27 190 0 49 37 L-Sat x L-L

-d S-Sat x S-L 136 0 0 65 38 L—Sat x S—L
-i S-Sat x S-L 3 120 0 40 20 L-Sat x S (L)-S (L)
-1 S— Sat x S—L 108 4 0 51 49 ■ L-Sat x S-L
-t S— Sat x S—L 88 1 0 51 -- L-Sat x S-L
-u S-Sat x S-S 0 76 0 40 38 L-Sat x S-S
—w S—Sat x S—L 132 5 0 49 -- L —Sat x S—L
-x S—Sat X  S—L 113 4 1 46 40 L-Sat x S-L
-y S-Sat x L-L 32 244 0 45 -- L-Sat x L-L

Tl-6u x -c S—S x L —L 161 0 0 49 44 S—S x L-L
-y S-S x S-L -- -- - 53 -- S-S x L-L

Tl-7e x -1 L-L x S-Sat 110 2 0 52 - L-L x S-Sat
Tl-7f x -1 L-L x S-Sat 129 3 0 48. -- L-L x S-Sat
T2-3a x -e S—S x L —L 10 151 0 28 .-- S-S x S-L

-f S—S x L —L -- -- - 47 -- S-S x L-L
"g S—S x L —L 104 0 0 48 - S-S x L-L
-h S—S x L —L -- -- - 50 -- S—S x L—L

T2-3b x -e S— S x L —L 6 129 0 25 S-S x S-L
-f S—S x L —L 137 0 0 47 50 S-S x L—L
-g S—S x L—L 102 2 0 48 -- S— S x L-L
-h S—S x L—L 143 • 0 0 48 - S-S x L-L

T2-3c x -d S-L x L-S 113 1 18 54 47 S—L x L —S
T2-3d x -e L— S x L —L 123 0 9 49 -— L-S x S-L



40
of four with a few 711?s, indicating that this cross is not an "opposite 

arms" intercross.

I f, as suggested in Table 4, the breakpoints of Tl-6a are L-Sat, 
then the breakpoints of Tl-6i should be L-L or S-S instead of S-L.

Based on the assumption that breakpoint information of chromosome 6 is 

more accurate, the breakpoints of Tl-6i should be L-L instead of S-L.

Seven of the 11 crosses have been confirmed as "opposite arms" 

intercrosses. Only 7117s were observed in the metaphase I cells of the 

progeny of two of the intercrosses, Tl-6a x -d and -c x -u. Metaphase 

I cells were not observed in the progeny of one of the intercrosses,

Tl-6u x -y. Associations of four were observed in the progeny of four 

of the intercrosses, Tl-6a x -1, -a x - t , - a  x -w, and -a x -x. Isola

tion of "2-chromosome, double interchanges" involving chromosomes 1 and 

6 may be possible from these "opposite arms" intercrosses in which 

associations of four were observed.

3. Tl-7's

Three single translocations involving chromosome 1 and chromo

some 7 were used to make two intercrosses. The intercrosses, the 

reported breakpoints of the single translocations involved in the inter

crosses, and the metaphase I configurations and ovule and pollen ste

rility observed in the progeny of the intercrosses are given in Table 4. 

Based on the cytological and sterility data presented in Table 4, either 

confirmations of or suggested changes in the reported breakpoints of 

the single translocations involved in the intercrosses are presented in 

the last column of that table.
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Two of the translocationss Tl-7e and -f, have breakpoints 

reported to be in the long arms of both chromosomes 1 and 7. These were 

crossed to the third translocation, Tl-71, in which the breakpoints have 

been reported to be in the short arm of chromosome 1 and in the satellite 
of chromosome 7, These two crosses should be L-L x S-Sat "opposite arms" 

intercrosses.

The progeny of the intercross Tl-7e x -1 had 52% sterility. 

Mainly 711’s were observed in the metaphase I cells with associations of 

four observed in two cells out of 112 cells. The sterility and cytology 

indicate that this is a L-L x S-Sat "opposite arms" intercross.

The progeny of the second intercross, Tl-7f x -1, had 48% 

sterility. The metaphase I configurations were mainly 711 Ts with asso

ciations of four observed in three of the 132 cells observed. Cells 

from this plant can be observed in Figures 2-a and 2-b. The former 

illustrates 711’s at metaphase I and the latter an association of four 

at metaphase I. The cytology and sterility indicate that this cross is 

a L-L x S-Sat "opposite arms" intercross.

The TTI's observed in the F^ of Tl-7f x -1 were not always the 

typical TTI's observed in Fig. 2-a. Out of 129 cells, 21% showed three 

rod bivalents + four ring bivalents, 36% showed two rod bivalents + five 

ring bivalents, and 15% showed one rod bivalent + six ring bivalents. 

Since these configurations are not observed in the F^ of Tl-7e x -1, it 

can be concluded that the initial pairing or the chiasma frequency is 

being affected by the particular combination of translocations.



Figure 2» Associations of Four and Seven Pair Observed in the Same 
' F^ Plants,

A» Seven pair in a metaphase I cell from the F^ of ,Tl-7f x -1.

Bo Association of four in a late metaphase I cell from the F. of
Tl-7f x -I.

Co Seven pair in a diplotene cell from the F^ of T2~6u x - y .

Do Association of four in a diplotene cell from the F^ of T2*^6u
x -yo

E. Association of five in a diplotene cell from the F^ of T3-6j
x -I* Arrow indicates the extra chromosome.

Fo Six pair and an association of three in a diplotene cell from
the F^ of T3-6j x -1. One pair (1) and the association of
three (2) are associated with one of the nucleoli (a). A 
single pair (3) is associated with the second nucleolus (b),
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Figure 2. Associations of Four and Seven Pair Observed in the Same 
F^ Plants.
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Both of the crosses have been confirmed as "opposite arms" 

intercrosses. A low frequency of associations of four were observed in 

the progeny of both intercrosses. Therefore, these intercrosses may 

be useful in isolating "2- chromosome, double interchanges" involving 

.chromosome 1 and 7.

4. T2-3's

Eight single translocations involving chromosome 2 and chromo

some 3 were used to make ten intercrosses. The intercrosses, the 

reported breakpoints of the single translocations involved in the inter

crosses, and the metaphase I configurations and ovule and pollen ste

rility observed in the progeny of the intercrosses are given in Table 4. 

Based on the cytological and sterility data presented in Table 4, either 

confirmations of or suggested changes in the reported breakpoints of the 

single translocations involved in the intercrosses are presented in the 

last column of that table.

The breakpoint positions of two of the translocations, T2-3a 

and - b , have been reported to be in the short arms of both chromosomes 

2 and 3. These were crossed to three of the translocations, T2-3f, -g, 

and -h, in which the breakpoints have been reported to be in the long 

arms of both chromosomes 2 and 3. These six crosses should be S-S x L-L 

"opposite arms" intercrosses.

The progeny of all six of these intercrosses, T2-3a x - f ,

-a x -g, -a x -h, -b x -f, -b x -g, and -b x -h, had about 50% sterility. 

Metaphase I configurations were observed in the F^ progeny of all but 

two of the crosses, T2-3a x -f and -a x -h. Mainly 711*s were observed
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in the metaphase I cells examined„ with associations of four found in 

a few cells. The cytology and sterility indicate that these six crosses 

are S-S x L-L "opposite arms" intercrosses and confirm the reported 

breakpoints given in Table 4.

The two translocations, T2-3a and -b, were also crossed to 

T2-3e, in which the breakpoints have been reported to be in the long 

arms of both chromosomes 2 and 3. However, the position of the break in 

chromosome 2 in T2-3e was reported tentative (Ramage et a l . , 1961).

Therefore, these two crosses may be S-S x L-L "opposite arms" inter

crosses.

The progeny of both of the intercrosses, T2-3a x -e and -b x 

-e, showed mainly associations of four with a few 7111s in the metaphase 

I cells. About 25% sterility was observed in both of the F^'s. The 

cytology and sterility indicate that these are not "opposite arms" 

intercrosses.

The breakpoints of T2-3a and -b have been confirmed as S-S.

Based on the fact that the reported breakpoint of T2-3e on chromosome 2

was tentative and on the conclusion that T2-3a x -e and -b x -e are not

"opposite arms" intercrosses, the breakpoints of T2-3e as suggested in 

Table 6 should be S-L instead of L-L. This agrees with the data of

Kasha and Burnham (1965b).

Because of the uncertainty of the breakpoint of T2-3e on chromo

some 2, this translocation was also crossed to T2-3d, which has break

points reported to be in the long arm of chromosome 2 and in the short

arm of chromosome 3. This single cross may be a S-L x L-L "opposite
\arms" intercross.



The sterility observed in the of the intercross T2-3d x -e 

was 49%, Mostly TTI's were observed in the metaphase I cells with some 

indications of associations of four, indicating that this is a S-L x L- 

"opposite arms" intercross and confirming the suggested breakpoints of 

T2-3e and the reported breakpoints of T2-3d.

The translocation T2-3d was also crossed to T2-3c, in which the 

breakpoints have been reported to be in the short arm of chromosome 2 

and in the long arm of chromosome 3. This should be a S-L x L-S "oppo

site arms" intercross.

The of the intercross, T2-3c x - d , had 54% ovule sterility. 

The metaphase I configurations observed were mainly 7111s with some 

associations of four. The sterility and cytology indicate that this is 

a S-L x L-S "opposite arms" intercross and confirm the reported break

points of the translocations involved in the intercross.

Eight of the ten crosses have been confirmed as "opposite arms" 

intercrosses. In the metaphase I cells of the progeny of three of the 

intercrosses, T2-3a x -g, -b x -f and -b x -h, only TTI's were observed 

Metaphase I cells were not observed in the progeny of two of the inter

crosses, T2-3a x -f and -a x -h. Associations of four were observed in 

a few of the metaphase I cells in the progeny of three of the inter

crosses, T2-3b x -g, -c x -d, and -d x -e. Isolation of "2-chromosome, 

double interchanges" involving chromosomes 2 and 3 may be possible from 

these "opposite arms" intercrosses in which associations of four were 

observed.
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5 o T2 - 5 T s

Three single translocations involving chromosome 2 and chromo

some 5 were used to make two intercrosses. The intercrosses, the 

reported breakpoints of the single translocations involved in the inter

crosses, and the metaphase I configurations and ovule and pollen steril

ity observed in the progeny of the intercrosses are given in Table 5. 

Based on the cytological and sterility data presented in Table 5, either 

confirmations of or suggested changes in the reported breakpoints of the 

single translocations involved in the intercrosses are presented in the 

last column of that table.

The breakpoint positions of two of the translocations, T2-51 and

-p, have been reported to be in the long arms of both chromosomes 2 and

5. These were crossed to the third translocation, T2-5u, in which the

breakpoints have been reported to be in the short arms of both chromo

somes 2 and 5. These two crosses should be L-L x S-S "opposite arms" 

intercrosses.

* The progeny of the two intercrosses, T2-51 x -u and -p x -u, 

.had 50% sterility. The of the intercross T2-51 x -u, showed only 

7111s at metaphase I. The F^ of the intercross T2-5p x -u showed mainly 

711's with associations of four observed in 15 of 154 cells at metaphase 

I. The cytology and sterility indicates that the two crosses are L-L x 

S-S "opposite arms" intercrosses.

The difference in numbers of associations of four observed in 

the F^ progeny of the two intercrosses indicates that the length of the 

interchanged segments in the two translocations, T2-5p and T2-51, should 

be very different. If pairing is similar to that found in maize
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(Burnham et alo 9 1972)9 then the interchanged segments of T2-51 should 

be longer than the interchanged segments of T2-5p. If information on 

the specific location of the breakpoints in the two translocations be

comes available^ then the location of pairing initiation sites and the 

frequency of initiation might be determined.

Both of the crosses have been confirmed as "opposite arms" 

intercrosses. Associations of four were observed in the progeny of only 

one of the two "opposite arms" intercrosses, T2-5p x -u. Isolation of
X

"2-chromosome, double interchanges" involving chromosomes 2 and 5 may 

be possible from this intercross.

6. T2-6's

Six single translocations involving chromosome 2 and chromosome 

6 were used to make ten intercrosses. The intercrosses, the reported 

breakpoints of the single translocations involved in the intercrosses, 

and the metaphase I configurations and ovule and pollen sterility ob

served in the progeny of the intercrosses are given in Table 5. Based 

on the cytological and sterility data presented in Table 5, either con

firmations of or suggested changes in the reported breakpoints of the 

single translocations involved in the intercrosses are presented in the 

last column of that table.

The breakpoint positions of three of the translocations, T2-6e, 

-i, and -u, have been reported to be in the long arm of chromosome 2 and 

in the short arm of chromosome 6. These were crossed to two transloca

tions, T2-6h and -y, in which the breakpoints have been reported to be
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in the short arm of chromosome 2 and in the long arm of chromosome 6, 

These six crosses should be L-S x S-L "opposite arms" intercrosses.

The Fi progeny of one of the intercrosses, T2-6h x -u, had a 

ring of six chromosomes +■ 411 ?s in the metaphase I cells. About 50% 

sterility was observed. The metaphase I configurations suggest that 

the desired cross was not made and that the plant designated the of 

T2-6h x -u is the result of contamination during crossing.

The Fj progeny of three.of the intercrosses, T2-6e x - y , -i x 

- y , and -u x -y, showed mainly 711Ts with a few associations of four 

at metaphase I. About 50% sterility was observed in all three Fj pro

geny. The cytology and sterility indicate that the three crosses are 

]>S x S-L "opposite arms" intercrosses and confirm the reported break

points of the translocations involved in the intercrosses.

The Fj progeny of two of the intercrosses,. T2-6e x -h and -h x 

-i, showed mainly associations of four at metaphase I. About 48% 

sterility was observed in both progeny. The metaphase I configurations 

indicate that these two crosses are not "opposite arms" intercrosses.

The breakpoints of T2-6e and -i have been confirmed as L-S. If 

the crosses involving these two translocations and T2-6h are not "oppo

site arms" intercrosses, then the breakpoints of T2-6h should be L-L or 

S-S. Based on the assumption that breakpoint information for chromosome 

6 is generally more accurate, the breakpoints of T2-6h should be L-L as 

suggested in Table 5 instead of S-L.

The breakpoints of one of the translocations, T2-6o, have not 

been reported. In mitotic cells, Tuleen (1974) observed that a chromo

some 6 satellite was not visible. This would suggest that the
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breakpoint in chromosome 6 is in the satellite or short arm. This 

translocation was crossed to T2-6e, -h, -i, and -y in order to deter

mine the breakpoint positions and with the idea that two of the four 

crosses may be "opposite arms" intercrosses.

The progeny of one of the crosses, T2-6h x -o, had a ring of 

six chromosomes + 411?s in the metaphse I cells. The sterility observed 

was 46%. The metaphase I configurations suggest that the desired cross 

was not made and that the plant designated the of T2-6h x -o is the 

result of contamination during crossing.

The Fj progeny of the three other crosses involving T2-6o,

T2-6e x -o, -i/x -o, and -o x -y, had about 50% sterility. Metaphase I 

configurations were observed in the F^'s of T2-6e x -o and in -o x -y.

Only 711v s were observed in the F^ of T2-6e x -o and 7 1 1 fs plus asso

ciations of four were observed in the F^ of T2-6o x -y. The cytology 

and sterility indicate that all three crosses may be "opposite arms" 

intercrosses.

The confirmed breakpoints of T2-6e and -i are L-S. The con

firmed breakpoints of T2-6y are S-L. Therefore, all three crosses,

T2-6e x -o, -i x -o, and -o x -y, cannot be "opposite arms" inter-
) ■ crosses. If T2-6e x -o and -i x -o are "opposite arms" intercrosses,

then T2-6o would have breakpoints in the same arms as T2-6y. On the

other hand, if T2-6o x -y is an "opposite arms" intercross, then

T2-6o would have breakpoints in the same arms as T2-6e and r-i.

Generally, sterility is used to distinguish an "opposite arms"

intercross from a "same arms" intercross, lower sterility being
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observed in the latter. The sterility observed in the ’s of T2-6e x

-o and in -i x -o was 50% and in the of T2-6o x -y was 46%, not a 

significant difference.

The Fj of the intercross T2-6o x -y did show indications of 

associations of four in the form of "pairs" traveling to the same 

pole (P-S-P). The F^ of the intercross T2-6e x -o showed only 711Ts. 

Based on the assumption that associations of four would not be observed 

in a "same arms" intercross, the metaphase I configurations indicate 

that T2-6o x -y is a L-S x S-L "opposite arms" intercross. Therefore, 

the breakpoints of T2-6o should be L-S as suggested in Table 5 and 

confirmed by Tuleen's (1974) observations on mitotic cells. Based on 

this suggestion, the intercrosses T2-6e x -o and -i x -̂o should be 

"same arms" intercrosses, i.e., L-S x L-S.

Four of the ten crosses have been confirmed as "opposite arms" 

intercrosses. Only 711 Ts were observed in the metaphase I cells of the 

F^ progeny of two of the intercrosses, T2-6e x -y and -i x -y. Asso

ciations of four were observed in the metaphase I cells of the progeny 

of the other two intercrosses, T2-6o x -y and -u x -y. Cells from 

the F% of T2-6u x -y can be found in Figures 2-c and -d. The typical 

711v s at diakinesis predominately observed can be found in Figure 2-c.

An association of four associated with the nucleolus during early dia

kinesis can be found in Figure 2-d. Isolation of "2-chromosome, double 

interchanges" involving chromosomes 2 and 6 may be possible from these 

two intercrosses in which associations of four were observed.

\



Table 5« Metaphase I Configurations and Sterility Observed in T2-5, T2-6, T3-5, and T3-6 Inter
crosses and Breakpoint Positions Based on These Observations (S = short arm; L = long arm; 
PSP = pair to the same pole; 04 = association of four; 711 = seven pairs; 06 = association 
of six).

Intercross
Reported

Breakpoints

No. MI Configurations 

711 04 PSP 06

% Sterility 

Female Male

Confirmed
or

Revised
Breakpoints

T2-51 x -u L-L x S-S 136 0 0 — — 50 — — L—L x S—S
T2-5p x -u L-L x S-S 139 0 15 -- 50 -- L-L x S-S
T2-6e x -h L—S x S—L 3 132 0 -- 48 — — L-S x L(S)-L(S)

-o L-S x ?-S 167 0 0 -- 50 -* L—S x L—S
-y L-S x S-L 89 0 0 -- 48 — L—S x S—L

T2-6h x -i S—L x L— S 2 163 0 —— 49 -- L(S)-L(S) x L-S
-o S-L x ?-S --- --- ■ -- 48 46 --
-u S-L x S-L --- -- --. 65 53 51

T2-6i x -o L-S x ?-S --- — — — -- -- 50 — L—S x L—S
-y L-S x S-L 84 0 0 -- 51 51 L— S x S—L

T2-6o x -y ?—S x S—L 115 0 6 -- 46 -- L-S x S-L
T2-6u x -y L-S x S-L 282 18 0 -- 47 49 L—S x S—L
T3-5h x -u L-S x S-L 191 1 2 -- 48 -- L-S x S-L
T3-6c x -r S-L x L-S 7 48 0 -- 35 — — L(S)-L(S) x L-S
T3-6j x -1* S— S x L-L 9 113 0 -- 50 -- S-L x L-L

-m S—S x L—L —-- --- —  - -- 44 -- S-L x L-L
-n* S-S x L-L 26 53 0 -- 43 — — S-L x L-L

T3-6k x -1 S-S x L-L --- --- — -- 49 -- S-S x L-L
-m S-S x L-L 57 5 0 -- 45 -- S-S x L-L
-n S—S x L—L —-- --- — -- 46 -- S-S x L—L

T3— 61 x —p L-L x S-S 129 0 0 - 51 -- L-L x S-S
T3-6m x -p L-L x S-S 39 2 0 - 47 -- L—L x S—S
T3-6n x -p L-L x S-S 63 0 6 - 50 ---- L-L x S-S
^Because this plant has an extra chromosome, 711 = 611 + III and 04 = associations of five.
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7. T3- 5 ? s

Two single translocations involving chromosome 3 and chromosome 

5 were used to make a single intercross. The intercross, the reported 

breakpoints of the single translocations involved in the intercross, 

and the metaphase I configurations and ovule and pollen sterility ob

served in the progeny of the intercross are given in Table 5. Based on 

cytological and sterility data presented in Table 5, either confirma

tions of or suggested changes in the reported breakpoints of the single 

translocations involved in the intercrosses are presented in the last 

column of that table.

The breakpoint positions of one of the translocations, T3-5h, 

have been reported to be in the long arm of chromosome 3 and in the 

short arm of chromosome 5. This translocation was crossed to the 

second translocation, T3-5u, in which the breakpoints have been re

ported to be in the short arm of chromosome 3 and in the long arm of 

chromosome 5. This cross should be a L-S x S-L "opposite arms" inter

cross.

The Fj progeny of the single intercross, T3-5h x -u, had 48% 

sterility. The metaphase I configurations observed were 7llfs, with 

one cell out of 192 having an association of four. The cytology and 

sterility indicate that this is a L-S x S-L "opposite arms" intercross.

The association of four observed in the Fj of the intercross 

indicates that it may be possible to isolate "2-chromosome, double 

interchanges" involving chromosomes 3 and 5 from this intercross.



53
8. T3-67 s

Eight single translocations involving chromosome 3 and chromo

some 6 were used to make ten intercrosses. The intercrosses, the 

reported breakpoints of the single translocations involved in the 

intercrosses, and the metaphase I configurations and ovule and pollen 

sterility observed in the progeny of the intercrosses are given in 

Table 5. Based on the cytological and sterility data presented in 

Table 5, either confirmations of or suggested changes in the reported 

breakpoints of the single translocations involved in the intercrosses 

are presented in the last column of that table.

The breakpoint positions of one of the translocations, T3-6c, 

are reported to possibly be in the short arm of chromosome 3 and in the 

long arm of chromosome 6. This translocation was crossed to T3-6r, in 

which the breakpoints are reported to be in the long arm of chromosome 3 

and in the.short arm of chromosome 6. This cross should be a S-L x L-S 

"opposite arms" intercross.

The Fj progeny of the intercross, T3-6c x - r , had 35% sterility. 

Metaphase I configurations observed were mainly associations of four 

with a few 711’s. This indicates that the cross is not an "opposite 

arms" intercross.

The reported breakpoints of T3-6c were not positively assigned
I

(Ramage et al., 1961). The cytological and sterility data given in

Table 5 for the cross, T3-6c x -r indicates that the breakpoints of 

T3-6c should be changed from S-L to either L-L or S-S. Based on the 

observation that breakpoint information for chromosome 6 is more accu^ 

rate because of the more obvious changes in the karyotype, the
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breakpoints of T3-6c should be L-L as suggested in Table 5 instead of 

S—L o

The breakpoints of three of the translocations9 T3-6j, -k, and 

-p have been reported to be in the short arms of both chromosomes 3 and 

6o These were crossed to three translocations, 13-61, -m, and -n, in 

which the breakpoints have been reported to be in the long arms of both 

chromosomes 3 and 6, These nine crosses should be S-S x L-L "opposite 

arms" intercrosses.

The progeny of seven of the intercrosses, T3-6j x -m, -k x 

-1, -k x -m, -k x -n, -p x -1, -p x -m, and -p x -n, had about 50% 

sterility. Metaphase I configurations were observed in the F^ progeny 

of the crosses, T3-6k x -m, -p x -1, -p x -m, and -p x -n. The con

figurations observed were mainly 711!s with a few associations of four. 

The cytology and sterility indicate that the seven intercrosses are S-S 

x L-L "opposite arms" intercrosses.

The Fj progeny of two of the intercrosses, T3-6j x -1 and -j x 

-n, had 50% sterility and mainly associations of five + 511*s (some 

611Ts + III) were observed in the metaphase I cells. The metaphase 1 

configurations indicate that these two crosses may not be "opposite 

arms" intercrosses.

The homozygous translocation T3-6j, which is involved in both 

of the above crosses, has a diploid chromosome number equal to 16, 

compared to the usual of 14 found in barley. When crossed to translo

cations having the normal number of 14 chromosomes, the Fj progeny of 

the intercrosses have 15 chromosomes as in T3-6j x -1 and -j x -m. In 

the metaphase I configurations observed in the two intercrosses, the
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extra chromosome was mostly associated with a ring or chain of four 

chromosomes (an association of five) and sometimes with a single pair 

of chromosomes (611 + III)• Lehmann et al., (1975) have reported that 

T3-6j has two pair of telocentric chromosomes9 one pair consisting of a 

single arm of chromosome 3 and the other pair being a translocation 

consisting of the other arm of chromosome 3 and the long arm of chromo

some 6 e

In metaphase I cells of the of T3-6j x - 1 9 mostly associa

tions of five chromosomes were observed, Only 9 of the 132 cells 

observed had 611's + III. Figure 2-e and 2-f are cells observed in 

this plant. In Figure 2-e, a ring o f 'chromosomes can be seen with a 

fifth chromosome associated with the ring (see arrow). In Figure 2-f, 

the 611's + III observed and the presence of two nucleoli allow certain 

inferences to be made.

A pair (1) and the association of three chromosomes (2) are 

associated with one of the nucleoli (a). A single pair (3) is asso

ciated with a second nucleolus (b). Only one arm of 1 and 2 are asso

ciated with (a), which is an indication that these are the four 

interchanged chromosomes and the extra chromosome. Both arms of 3 are 

associated with (b), indicating that this is a pair of chromosomes 7.

The configuration in Figure 2-f would be possible if the 

interchanged segments on the long arms of chromosomes 3 and 6 in T3-61 

are long. Tuleen (1974) has reported that the T36 chromosome of T3-61 

is very long, indicating that the interchanged segment on chromosome 

6 is long and the interchanged segment on chromosome 3 is short.
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a) Normal chromosomes 3 and 6.

1 2 3 4 5 6 7 3 9  10 a b c d e f g h i j

b) Translocated chromosomes of T3-6j.

a b c d e f g h 3 2 1

5 4 1 j

c) Translocated chromosomes of T3-61. 

1 ’ 2 ’ 3' 4 ’ 5 ’ 6 ’ 7 ’ 8 ’ 9' i ’ j ' a ’ b ' c ’ d ’ e r f ’ g ? h' 10’

d) Association of four in the of T3-6j x -1

1
2
3

a b c d e f g h  
■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■  ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ i + a i i i M i a  
a a a a a a a a a a a a   . . . . . . . . . . . . . . . .
a b c d e f g h

101

1
2
3 4 5 6 7 8 9 i j

9 8 7 6
10

5 4 i j

e) Seven pairs in the of T3-6j x -1.

1 2 3 4 5 6 7 8 9 1 ]  j i 4 5

1 2 3 h g f e d c b a■■^■^^■BBBBi^aiaaaaaaaB ...

10 9 8 7 6

l O h g f e d c b a
  B B B  B B B B B B B B B B B B

Figure 3. Hypothetical Pairing Between the Interchanged Chromosomes of 
T3-6j and T3-61.
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Figure 3 illustrates how the interchanged chromosomes (a) could pair in 

a ring (b) as observed in Figure 2-e and as 611 + III (c) as observed 

in Figure 2-f.

■ In reference to chromosome pairing, it can be concluded that 

the extra chromosome may be affecting pairing, but the prevalence of 

associations of five chromosomes indicates that the two intercrosses, 

T3-6j x -1 and -j x -n, are not "opposite arms" intercrosses. Lehmann 

et al., (1975) have reported that the breakpoint of T3-6j in chromo

some 6 is in the long arm, thus the breakpoints of T3-6j have been re

vised to S-L in Table 5.

Six of .the ten crosses have been confirmed as "opposite arms" 

intercrosses. In the F^ progeny of a single intercross, 13-61 x -p, 

only 711Ts were observed in the metaphase I cells. Metaphase I cells

were not observed ;in the F^ vs of two intercrosses, T3-6k x -1 and

-k x -n. Associations of four were observed in a few cells of the 

progeny of three of the intercrosses, T3^6k x -m, -m x -p, and -n x -p. 

Isolation of "2-chromosome, double interchanges" involving chromosomes 

3 and 6 may be possible from these intercrosses in which associations 

of four were observed.

9. T3-7 ys

Fourteen single translocations involving chromosome 3 and 

chromosome 7 were used to make 22 intercrosses. The intercrosses, the 

reported breakpoints of the single translocations involved in the 

intercrosses, and the metaphase I configurations and ovule and pollen 

sterility observed in the progeny of the intercrosses are given in



Table 6. Based on the cytological and sterility data presented in 

Table 6, either confirmations of or suggested changes in the reported 

breakpoints of the single translocations involved in the intercrosses

are presented in the last column of that table.
The breakpoint positions of six of the translocations, T3-7a,

-c, -h, -1, -m, and -aa, have been reported to be in the short arm of 

chromosome 3 and in the long arm of chromosome 7. These were crossed 

to three of the translocations, T3-7b, - d , and -n, in which the break

points have been reported to be in the long arm of chromosome 3 and 

in the short arm of chromosome 7. These 18 crosses should be S-L x L-S 

"opposite arms" intercrosses.

The progeny of nine of the intercrosses, T3-7a x -b, -a x -d 

-c x -b, -c x -d, -h x -n, -1 x -n, -m x -n, -aa x -b and -aa x - d , had 

about 50% sterility. Metaphase I configurations were observed in all 

progeny with the exception of T3-7aa x -d. The configurations 

observed were mainly 711’s, with a few associations of four. The 

sterility and metaphase I configurations confirm that the nine crosses 

are "opposite arms" intercrosses.

The F^ progeny of eight of the intercrosses, T3-7a x -n, -b x 

-h, -b x -1, -b x -m, -c x -n, -d x -h, -d x -1, and -d x -m, all had 

about 30% sterility. Metaphase I configurations were observed in the 

F^ progeny of four of the crosses, T3-7a x -n, -b x -h, -b x -1, and 

-b x -m. The configurations observed were mainly associations of four 

with some 711’s. The sterility and cytology indicate that these eight 

intercrosses are not "opposite arms" intercrosses.
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These eight intercrosses were made based on proposed break

points of T3-7a, -b, -c, and -d (reported by Kasha and Burnham> 1965).

On the basis of karyotype observations9 Tuleen (personal communication, 

1974) suggested that the breakpoint positions of T3-7a and -c are L-L 

instead of S-L and that the breakpoint positions of T3-7b and -d are 

S-S instead of L-S. Cytological and sterility data obtained in this 

study is consistent with breakpoints suggested by Tuleen rather than 

those suggested by Kasha and Burnham. Therefore, the revised break

points for T3-7a, -b, -c, and -d that are given in Table 6 are those 

suggested by Tuleen.

Data reported in Table 6 for intercrosses T3-7a x -b, -a x -d,

-c x -b, and -c x -d would be appropriate for either the S-L x L-S 

breakpoints suggested by Kasha and Burnham (1965) or the L-L x S-S 

breakpoints suggested by Tuleen (personal communication, 1974). Based 

on the revised breakpoints given in Table 6, the intercrosses T3-7a 

x -b, -a x -d, -c x -b, and -c x -d are considered to be L-L x S-S 

intercrosses instead of S-L x L-S intercrosses.

Tuleen (personal communication, 1974) proposed S-L breakpoints 

for T3-7aa based on karyotype observations. The progeny of the 

intercrosses T3-7b x -aa and -d x -aa had about 50% sterility and from 

the cross T3-7b x -aa, only 7TI*s were observed in the metaphase I cells. 

Based on data presented in Table 6, T3-7b and -d have S-S breakpoints. 

Therefore, T3-7aa should have L-L breakpoints instead of S-L break

points, as has been suggested in Table 6. This is not inconsistent 

with Tuleen?s findings since a break in chromosome 7 is more easily 

identified than a break in chromosome 3.



Table 6. Metaphase I Configurations and Sterility Observed in T3-7 Intercrosses and Breakpoint 
Positions Based on These Observations.
(S = short arm; L = long arm; P-S-P = pair to the same pole; 04 = association of four; 
711 = seven pairs)

Intercross
Reported

Breakpoints

No. MI Configurations 

04 ' P-S-P

% Sterility

711 Female Male

Conf irmed 
or Revised 

Breakpoints
T3-7a x -b 

-d 
-n

T3-7b x -c 
-h 
- i  
- m  
-aa 

T3-7c x -d 
-n

T3-7d x - h . 
-1 
-m 
-aa 

T3-7e x -f 
-k
-q
-ab

T3-7h x -n 
T3-71 x -n 
T3-7m x -n 
T3-7n x -aa

S-L 
S-L 
S—L 
L-S 
L— S 
L-S 
L-S 
L-S 
S-L 
S—L 
L-S 
L-S 
L-S 
L-S 
S-S 
S-S 
S-S 
S-S 
S-L 
S-L 
S-L 
L-S

x L-S 
x L-S 
x L-S 
x S-L 
x S-L 
x S-L 
x S-L 
x S-L 
x L-S 
x L-S 
x S-L 
x S-L 
x S-L 
x S-L 
x L—L 
x L-L 
x L-L 
x L-L 
x L-S 
x L-S 
x L-S 
x S—L

29
127

8
108

0
12
53

154
123

136
85

142
135
116
94
67

1
0

59
0

134
126
89
0
0

0
0

0
0
0
3
0

0
0
0
0
0
0
0
0
0

0
0

0
0
0
0
0

64 47 L-L X S-S
49 - L-L X S-S
33 - L—L X L-S
53 ---- S-S X L-L
26 ---- S-S X S—L
25 ---- S-S X S-L
27 31 S-S X S-L
50 47 S-S X L-L
50 —— L-L X S-S
32 ---- L-L X L-S
35 ---- S-S X S-L
35 - S-S X S-L
30 ---- S-S X S-L
45 ---- S-S X L-L
47 51 S-S X L-L
47 ---- S-S X L—L
51 ---- S-S X L-L
48 - S-S X L-L
52 - S-L X L—S
50 47 S—L X L-S
50 ---- S—L X L-S
0 — — L-S X L—L

O'o



The progeny of the intercross, T3-7n x -aa, showed 7lITs at 

metaphase I and had no ovule sterility. All of the data in Table 6 

indicates that these two translocations do not have breakpoints in the 

same arms, therefore this plant was probably the result of accidental 

selling instead of a cross.

The breakpoint positions of four of the translocations, T3-7f, 

-k, -q, and ~ab, have been reported to be in the long arms of both 

chromosomes 3 and 7. These were crossed to one of the translocations, 

T3-7e, in which the breakpoints have been reported to be in the short 

arms of both chromosomes 3 and 7. These four crosses should be L-L x 

S-S "opposite arms" intercrosses.

. e The progeny of all four of these intercrosses, T3-7e x - f , 

-e x -k, -e x -q, and -e x -ab, had about 50% sterility. The metaphas 

I configurations observed in the F^'s of T3-7e x - f , -e x -k, and 

- e x  -ab were all 711fs. The cytology and sterility indicate that the 

four crosses are L-L x S-S "opposite arms" intercrosses and confirm 

the reported breakpoints given in Table 6 for the transIdcations 

involved in the intercrosses.

Thirteen of the 22 crosses have been confirmed as "opposite 

arms" intercrosses. Only 711?s were observed in the metaphase I cells 

of ^the F ^ ’s of nine of the intercrosses, T3-7a x -d, -b x -c, -b x -aa 

-c x -d, -e x -f, - e x  -k, -e x -ab, -h x -n, and -1 x -n. Metaphase 

I cells were not observed in the F ^ ?s of two of the intercrosses,

T3-7d x r-aa and -e x -q. Associations of four were observed in two of 

the "opposite arms" intercrosses, T3-7a x -b and -m x -n. Isolation
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of 112-chromosome9 double interchanges" involving chromosomes 3 and 7 

may be possible from these intercrosses in which associations of four 

were observed,

10, T4-5's

Six single translocations involving chromosome 4 and chromosome 

5 were used to make eight intercrosses, . The intercrosses5 the reported 

breakpoints of the single translocations involved in the intercrosses, 

and the metaphase I configurations and ovule and pollen sterility 

observed in the progeny of the intercrosses are given in Table 7,

Based on the cytological and sterility data presented in Table 7, either 

confirmations of or suggested changes in the reported breakpoints of 

the single translocations involved in the intercrosses are presented in 

the last column of that table.

The breakpoint positions of four of the translocations, T4-5b,

-d, -t, and -v, are reported to be in the short arm of chromosome 4 and 

in the long arm of chromosome 5. These were crossed to two of the 

translocations, T4-5o and -w, in which the breakpoints are reported to 

be in the long arm of chromosome 4 and in the short arm of chromosome 

5. These eight crosses should be S-L x L-S "opposite arms" inter

crosses.

The progeny of four of the intercrosses, T4-5b x -o, -d x -o, 

-o x -t, and -o x -v, had 50% sterility. The metaphase I configurations 

observed were mainly 711!s with a few associations of four. The 

sterility and cytology indicate that these four crosses are S-L x L-S 

"opposite arms" intercrosses.
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progeny of the other four, intercrosses5 T4-5b x - w 9 -d x -w,

-t x -w, and -v x -w, showed mainly associations of four with a few 

711fs in the metaphase I cells•

The progeny of two of the crosses, T4-5b x -w and -v x -w,

had about 30% sterility. The F^ progeny of the other two crosses,

T4-5d x -w and -t x -w, had about 40% sterility. The metaphase I 

configurations and sterility indicate that the four crosses may not be 

"opposite arms" intercrosses.

If the four intercrosses involving T4-5w are "opposite arms" 

intercrosses, an explanation would have to be found to explain the 

prevalence of associations of four in the metaphase I cells. Such an 

explanation may be inferred from the cross-configuration observed in

Figure 1-d which is a cell from the F. of T4-5b x -w.1
One of the chromosomes in the configuration (see arrow) is very 

short. This is possible as shown in Figure 4-b, if a long segment of 

the short arm of chromosome 5 is interchanged with a short segment of 

the long arm of chromosome 4 in T4-5w. As shown in Figure 4-c, the 

interchanged segments of the second translocation, in this case T4-5b,

-d, -t, -r -v, would not be important. Formation of an association of 

four chromosomes (Figure 4-d) would be possible because of the shortness 

of the interchanged segment on chromosome 5 in T4-5w. It is also

possible that the overall shortness of the chromosome may in part be

reason for finding associations of four.

More information is necessary in order to confirm the inferences 

which have been presented. The data given in Table 7 from the four 

intercrosses involving T4-5w indicate that the crosses are not



Table 7. Metaphase I Configurations and Sterility Observed in T4-5 and T4-6 Intercrosses and Break
point Positions Based on These Observations.
(S = short arm; L = long arm; P-S-P = pair to the same pole; 04 = association of four;
711 = seven pairs)

Intercross
Reported

Breakpoints

No.

711

MI Configurations 

04 P-S-P

% Sterility 

Female Male

Conf irmed 
or Revised 

Breakpoints
T 4—5b % ~o S-L x L— S - 93 2 0 48 —  — S-L x L-S

-w S-L x L-S 3 21 0 34 28 S-L x L(S)-L(S).
T4-5d x -o S-L x L-S 130 0 0 51 - S-L x L-S

-w S-L x L-S 0 85 0 43 - S-L x L(S)-L(S)
T4-5o x -t L-S x S-L 156 0 0 48 - L— S x S—L

-v L— S x S—L 126 0 6 48 - L— S x S—L
T4-5t x —w S-L x L-S 0 51 0 38 - S-L x L(S)-L(S)
T4-5v x -w S—L x L—S 21 67 0 30 -• S-L x L(S)-L(S)
T4-6e x -n L—L x S— S 116 5 0 50 — L—L x S—S

-q L—L x S— S 119 4 0 45 42 L—L x S—S

4>



a) Normal chromosomes 4 and 5.

a b c d e f g h i  1 2 3 4 5 6 7— —  ...

b) Translocated chromosomes of T4-5b.

7 6 c d e f g h i  1 2 3 4 5 b a
   ....

c) Translocated chromosomes of T4-5w.

a* b ’ c' d' e' f ’ g T h ’ 2 ’ V  i ? 3 ’ 4' 5' 6 ’ 7'
 .......  ■ ■ ^ i i i i i i i i i i i i i i i i i i i

d) Association of four in the of T4-5b x -w.

7 ’
6 ’

3' 4 ’ 5'
■ ■ ■ ■ ■ ■ ■ ■ ■ ■ # ■ ■ ■ ■ ■ ■ ■ ■1 2 3 4 5

|7
|6
ic d f g h

c ? d'"e' f ' g T h ? 2 ’ T  
b ’

Figure 4. Hypothetical Pairing Between the Interchanged Chromosomes 
T4-5b and T4-5w.
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"opposite arms" intercrosses« Until the necessary information is 

obtained, such as linkage data, the breakpoints of T4-5w should be 

revised to S-S instead of L - S , based on the assumptions that break

point information for chromosome 5 is more accurate and that a high 

frequency of associations of four are not observed in "opposite arms" 

intercrosses in barley.

Four of the eight crosses have been confirmed as "opposite 

arms" intercrosses. Only 7111s were observed in the progeny of two of 

the intercrosses, T4-5d x -o and - o x  -t. Associations of four were 

observed in some cells of progeny of the other two crosses, T4-5b x -o 

and -o x -v. Isolation of "2-chromosome, double interchanges" involving 

chromosomes 4 and 5 may be possible from these intercrosses in which 

associations of four were observed.

11. T4-6's

Three single translocations involving chromosome 4 and chromo

some 6 were used to make two intercrosses. The intercrosses, the 

reported breakpoints of the single translocations involved in the 

intercrosses, and the metaphase I configurations and ovule and pollen 

sterility observed in the progeny of the intercrosses are given in 

Table 7. Based on the cytological and sterility data presented in 

Table 7, either confirmations of or suggested changes in the reported 

breakpoints of the single translocations involved in the intercrosses 

are presented in the last column of that table.

The breakpoint positions of one of the translocations, T4-6e, 

have been reported to be in the long arms of both chromosomes 4 and 6.
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This translocation was crossed to the other two translocations, T4-6n 

and -q, in which the breakpoints have been reported to be in the short 

arms of both chromosomes 4 and 6. The two crosses should be L-L x S-S 

"opposite arms" intercrosses•

The progeny of the two intercrosses, T4-6e x -n and -e x -o, 

had about 50% sterility. The metaphase I cells showed mostly 711Ts 

with associations of four observed in a few cells in each plant.

The cytology and sterility indicate that the two crosses are L-L x S-S 

"opposite arms" intercrosses.

Both crosses have been confirmed as "opposite arms" inter

crosses. Associations of four were observed in five out of 121 cells

in T4-6e x -n and in four out of 123 cells in T4-6e x -q. Isolation 

of "2-chromosome, double interchanges" involving chromosomes 4 and 6 

may be possible from these intercrosses.

12. T5-6’s

Twenty-one single translocations involving chromosome 5 and 

chromosome 6 were used to make 42 intercrosses. The intercrosses, 

the reported breakpoints of the single translocations involved in the 

intercrosses, and the metaphase I configurations and ovule and pollen 

sterility observed in the progeny of the intercrosses are given in 

Table 8, Based on the cytological and sterility data presented in 

Table 8, either confirmations of or suggested changes in the reported 

breakpoints of the single translocations involved in the intercrosses

are presented in the last column of that table.
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The breakpoint positions of four of the translocationss T5-6a,

-e, -f, and -j, have been reported to be in the short arm of chromosome 

5 and in the long arm of chromosome 6. These were crossed to three of 

the translocations, T5-61, -q, and -r, in which the breakpoints have 

been reported to be in the long arm of chromosome 5 and in the short 

arm of chromosome 6. These 12 crosses should be S-L x L-S "opposite 

arms" intercrosses.

The progeny of all 12 of the intercrosses, T5-6a x -1,

-a x -q, -a x - r , - e x  -1, -e x -q, -e x - r , -f x -1, -f x -q, -f x - r ,

-j x -q, and -j x -r, had about 50% sterility. Metaphase I configura

tions were observed in cells of all progeny with the exception of 

the F^ of T5-6a x -1. The configurations observed were mostly 711Ts 

with associations of four found in a few cells. The sterility and 

cytology indicate that these 12 crosses are S-L x L-S "opposite arms" 

intercrosses and confirm the reported breakpoints of the translocations 

involved in the intercrosses.

The breakpoint positions of 11 of the translocations, T5-6b, -d, 

-g, -h, -k, -n, -o, - p , - s , -u, and -v, have been reported to be in the

long arms of both chromosomes 5 and 6. These were crossed to the

translocations, T5-6c and -t, in which the breakpoints have been re

ported to be in the short arm of chromosome 5 and in the short arm or 

satellite of chromosome 6. These 22 crosses should be L-L x S-S 

"opposite arms" intercrosses.

The F^ progeny of nine of the intercrosses involving T5-6c,

T5-6b x -c, -c x -g, -c x -h, -c x -k, -c x -n, -c x -o, -c x -p.



Table 8» Metaphase I Configurations and Sterility Observed in T5-6 Intercrosses and Breakpoint 
Positions Based on These Observations•
(S = short arm; L = long arm; Sat = satellite; P-S-P pair to the same pole; 04 = asso
ciation of four; 711 = seven pairs)

Intercross
Reported

Breakpoints

N o . 

711

MI Configurations 

04 P-S-P

% Sterility 

Female Male

Confirmed 
or Revised 

Breakpoints
T5-6a x -1 S-L x L-S ------- — — — 45 S-L x L-S

-q S—L x L-S 118 0 0 . 45 -- S—L x L—S
-r S-L x L-S 182 1 0 47 60 S—L x L—S

T5-6b x -c L-L x S-S 155 0 0 45 -- L-L x S-S
-m L-L x S-Sat 157 2 0 47 —— L-L x S-Sat
-t L—L x S— Sat 131 1 1 49 -- L—L x S—Sat

T5— 6c x —d S-S x L-L 10 35 0 30 -- S-S x S-L
-g S—S x L—L 104 0 0 48 ---- S-S x L-L
-h S-S x L-L 79 0 12 51 -- S-S x L-L
-k S—S x L—L 88 0 0 45 — — S-S x L-L
-n S-S x L-L 111 0 0 46 -- S— S x L—L
-o S—S x L—L 102 0 4 48 -- S-S x L-L
-P S—S x L—L — — —— - 49 -- S—S x L-L
-s S-S x L-L 105 0 1 46 -- S—S x L—L
-u S—S x L—L 80 1 0 42 -- S-S x L-L
-v S-S x L-L 75 0 0 0 — — S-S x L-L

T5-6d x -m L—L x S—Sat 3 85 0 36 ---- S—L x S—Sat
—t L-L x S-Sat 30 52 0 31 -- S—L x S^-Sat

T5-6e x -1 S-L x L-S 79 1 4 44 — S-L x L-S
-q S—L x L—S 98 1 4 47 47 S—L x L—S
-r S-L x L-S 161 0 2 55 43 S-L x L-S

T5-6f x -1 S-L x L-S 153 0 0 49 48 S—L x L—S
-q S-L x L-S 97 0 0 48 - S—L x L—S
-r S-L„x L-S 109 .0 0 45 — — S-L x L—S

T5-6g x -m L—L x S—Sat 73 0 0 50 -- L-L x S-Sat
-t L-L x S-Sat —  — — — — - 48 ---- L-L x S-Sat

VO



Table 8 (cont,)

Intercross
Reported

Breakpoints

No.

711

MI Configurations 

04 P-S-P

% Sterility 

Female Male

Confirmed 
or Revised 

Breakpoints
T5-6h x -m L—L x S— Sat 136 0 0 48 —  — L-L x S-Sat

- t L-L x S-Sat 149 0 0 53 L-L x S-Sat
T5-6j x -1 S—L x -L— S 116 0 0 53 - S-L x L-S

-q S—L x L-S 128 2 4 50 — S-L x L-S
-r S-L x L—S 62 0 4 47 --- S—L x L—S

T5-6k x -m L—L x . S—Sat 168 0 2 44 49 L-L x S-Sat
- t L-L x S-Sat 45 0 0 49 - L-L x S-Sat

T5-6m x -o S—Sat x L—L 144 0 0 46 27 S-Sat x L-L
-P S— Sat x L—L 97 0 0 46 — S-Sat x L-L
-u S-Sat x L-L 73 0 2 44 — S-Sat x L-L

T5-6n x -t L-L x S-Sat 45 0 . 0 0 -- L—L x S— Sat
T5-6o x -t L—L x S—Sat 164 0 0 51 -- L-L x S-Sat
T5-6p x -t L—L x S— Sat 56 0 0 0 . -- L—L x S—Sat
T5-6s x -t L —L x S— Sat 88 1 0 44 51 L-L x S-Sat
T5-6t x -u S— Sat x L—L 116 1 0 52 — S—Sat x L—L

-v S-Sat x L-L 121 0 16 47 - S-Sat x L-L

o
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-c x -s, and -c x -u, had about 50% sterility. Metaphase I configura

tions were observed in cells of all progeny with the exception of 

the from T5-6c x -p. Th.e configurations observed were mainly 711 Ts 

with associations of four observed in a few cells. The sterility and 

cytology indicate that the nine crosses are L-L x S-S "opposite arms" 

intercrosses and confirm the reported breakpoints of the translocations 

involved in the intercrosses given in Table 8.

The F^ progeny of one of the intercrosses involving T5-6c,

T5-6c x -d, had about 30% sterility. The metaphase I configurations 

observed were^mostly associations of four with 711Ts observed in some 

of the cells. The cytology and sterility indicate that this cross is 

not an "opposite arms" intercross.

The breakpoints of T5-6c have been confirmed as S-S. If the 

cross T5-6c x -d is not an "opposite arms" intercross, then the break

points of T5-6d should be S-L or L - S . Intercross and linkage data 

reported by Hagberg et al» (1978) confirm that the breakpoints of 

T5-6d are S-L.

The F-̂  progeny of the last of the intercrosses involving T5-6c, 

T5^6c x -v, had no ovule sterility and only 7 1 1 -s were observed in the

metaphase I cells. This suggests that the plant designated as the F^

of T5-6c x -v was the result of accidental selling instead of a cross.

The F^ progeny of eight of the intercrosses involving T5-6t,

T5-6b x - t , -g x - t , -h x - t , -k x - t , - o x  - t , -s x -t, -u x -t, and

-v x - t , had about 50% sterility. Metaphase I configurations were 

observed in all F^ progeny with the exception of the F^'s of T5-6g x -t
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and -o x -to The configurations observed were mostly 7 1 1 ’s with some 

associations of four. The sterility and cytology indicate that these 

eight crosses are L-L x S-Sat "opposite arms" intercrosses and confirm 

the reported breakpoints of the translocations involved in the inter

crosses given in Table 8.

The progeny of one of the intercrosses involving T5-6t,

T5-6d x - t , had 31% sterility. The associations of four which were 

prevalent in the metaphase I cells indicate that this cross is not an 

"opposite arms" intercross and provide further evidence that the 

breakpoints of T5-6d should be changed as suggested in Table 8 to S-L.

The F^ progeny of two of the intercrosses involving T5-6t,

T5-6n x -t and -p x -t, had no ovule sterility and only 711?s in the

metaphase I cells. This suggests that the plants designated T5-6n x -t 

and -p x -t were the result of accidental selfing instead of crosses.

Eight of the 11 translocations which have L-L breakpoints,

T5-6b, -d, -g, -h, -k, -o, -p, and -u, were also crossed to the trans

location, T5-6m, in which the breakpoints have been reported to be in 

the short arm of chromosome 5 and in the satellite of chromosome 6.

These eight crosses should be L-L x S-S "opposite arms" intercrosses.

The F^ progeny of seven of the intercrosses, T5-6b x -m,

-g x -m, -h x -m, -k x -m, -m x -o, -m x -p, and -m x -u, had about 

50% sterility. The metaphase I configurations observed were mainly 

7ll,s with some associations of four. The sterility and cytology 

indicate that these seven crosses are L-L x S-S "opposite arms"



intercrosses and confirm the reported breakpoints of the translocations 

involved in the intercrosses given in Table 8 ,
The progeny of one of the intercrosses, T5-6d x -m, had 36% 

sterility. Associations of four were the predominant configuration 

observed in the metaphase I cells, indicating, that this is not an 

"opposite arms" intercross and providing further evidence for the 

change in the breakpoints of T5-6d as suggested by Hagberg et al. 

(1978).

Burnham et al. (1972), working with corn, have reported that 

the number of associations of four observed increases as the length of

the interchanged segments shorten. Thus, it might be expected that a

greater number of associations of four would be observed in crosses 

which involved a translocation having the breakpoint on chromosome 6 
in the satellite, such as T5-6m or -t, than in a translocation having 

the breakpoint in the short arm, such as T5-6c. The data presented in 

Table 8 does not support this expectation. This could be due to (1) 

the small number of cells observed, or (2) the presence of strong pair

ing initiation sites in the satellite region of chromosome 6. Further 

observations are warranted.

Thirty-nine of the 42 intercrosses have been confirmed as 

"opposite arms" intercrosses. Metaphase I cells were not observed in 

the progeny of three of the crosses5 T5-6a x -1, -c x - p , and -g x -t. 

Only 7111s were observed in the progeny of 19 of the crosses, T5-6a x 

-q, -b x -c, — c x -g, — c x -k, -c x -n, -c x -v, -f x -1, -f x -q,

-f x r-r, -g x -m, -h x -m, -n x -t, -j x -1, -k x -t, -m x -o, -m x -p.



-n x -t, -o x -t, and -p x ~t. Associations of four were observed in a

few metaphase I cells in the progeny of 17 of the crosses, T5-6a x - r ,

-b x -m, -b x - t , -c x -h, -c x -o, -c x -s, -c x -u, -e x -1, -e x -q,

-e x -r, -j x -q, -j x - r , -k x -m, -m x -u, -s x - t , -t x -u,v and

-t x -Vo Isolation of !f2-chromosome, double interchanges" involving 

chromosomes 5 and 6 may be possible from these 17 "opposite arms" 
intercrosses in which associations of four were observed.

13 o T5-7 Vs
Sixteen single translocations involving chromosome 5 and chromo

some 7 were used to make 30 intercrosses. The intercrosses, the re

ported breakpoints of the single translocations involved in the inter

crosses , and the metaphase I configurations and ovule ,and pollen 

sterility observed in the progeny of the intercrosses are given in 

Table 9« Based on the cytological and sterility data presented in 

Table 9, either confirmations of or suggested changes in the reported 

breakpoints of the single translocations involved in the intercrosses 

are presented in the last column of that table.

The breakpoint positions of three of the translocations,

T5-7b, -j , and -1, have been reported to be in the short arm of chromo

some 5 and in the long arm of chromosome 7. These were crossed to one

of the translocations, T5-7o, in which the breakpoints have been 

reported to be in the long arm of chromosome 5 and in the satellite of

chromosome 7. These three crosses should be S-L x L-S "opposite arms"

intercrosses.



Table 9. Metaphase I Configurations and Sterility Observed in T5-7 Intercrosses and Breakpoint 
Positions Based on These Observations.
(S = short arm; L = long arm; Sat = satellite; P-S-P = pair to the same pole; ©4 = asso
ciation of four; 711 = seven pairs)

Noo MI Configurations % Sterility Confirmed

Intercross
Reported

Breakpoints 711 04 P-S-P Female Male
or Revised 

Breakpoints
T5-7b x -o S—L x L— Sat 87 1 3 51 S-L x L-Sat
T5-7d x -m L—L x S—S 139 1 0 46 - L—L x S—S

-P L—L x S— Sat 116 1 2 52 — L-L x S-Sat
-r L—L x S—S 79 1 0 49 - L—L x S-S
-aa L-L x S-Sat 68 13 0 45 - L-L x S-Sat

T5-7e x -m L-L x S-S 123 1 14 51 - L-L x S-S
-P L-L x S-Sat 82 4 0 50 —— L-L x S-Sat
-r L-L x S— S 94 0 2 56 - L—L x S—S
-aa L-L x S-Sat 71 6 2 53 - L-L x S-Sat

T5-7f x -m L-L x S-S 2 103 0 .37 - S-L x S-S
-P L—L x S— Sat 19 64 0 35 - S-L x S-Sat
—r L—L x S—S 12 127 0 38 ■- S—L x S—S
-aa L-L x S-Sat 63 0 0 0 - S-L x S-Sat

T5-7g x -m L-L x S—S 159 0 0 44 . —— L—L x S—S
"P L—L x S—Sat 117 0 0 52 - L—L x S—Sat
-r L-L x S—S 132 0 0 53 . - L—L x S— S
-aa L-L x S-Sat -- - - 50 - L—L x S—Sat

T5-7h x -m. L-L x S-S 5 50 0 39 —- S—L 'x S—S
-r L—L x S— S 6 99 0 33 — — S—L x S—S
-aa L-L x S-Sat 17 126 0 44 - S—L x S—Sat

T5-7i x -m L-L x S— S 136 0 0 48 - L-L x S-S
-r L—L x S—S 42 0 1 . 51 - L-L x S-S
-aa L—L x S— Sat 118 20 0 49. 33 L-L x S-Sat

T5-7j x -o S—L x L—Sat 42 6 0 45 -- S-L x L-Sat
T5-7k x -p L—L x S—Sat 129 0 0 50 -- L-L x S-Sat

-r L—L x S—S 64 0 3 49 - L-L x S-S
-aa L—L x S— Sat 85 1 0 50 - L-L x S-Sat

Ln



Table 9 (cont.)

Intercross
T5-71 & -o 
T5-7m x -s 
T5-7p x -s

Ho. MI Configurations
Reported

Breakpoints _____ 711 64_______P-S-P
S-L x I— Sat 0 67
S-S x L-L 161 0

S-Sat x L-L 85 1

o 
o 

o

% Sterility Gonfirmed
or Revised

Female Male______  Breakpoints
32 —  L—L x L—Sat
47 —  S—S x L—L
44 —  S-Sat x L-L
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The Fj progeny of two of these intercrosses 9 T5-7b x -o and 

-j x -o, had about 50% sterility. Mainly .711?s were observed in the 

metaphase I cells with associations of four observed in a few of the 

cellso The cytology and sterility indicate that these two crosses are 

S-L x L-Sat "opposite arms" intercrosses,

The progeny of the third intercross, T5-71 x -o, had 32% 

sterility. Associations of four were the only configurations observed 

in the metaphase I cells, The cytology and sterility indicate that 

this is not an "opposite arms" intercross,

The breakpoints of T5-7o have been confirmed as L-Sat by the 

data from the crosses T5-7b x -o and -j x -o presented in Table 9. If 

the cross T5-71 x -o is not an "opposite arms" intercross, then the 

breakpoints of T5-71 are probably not S-L, i.e,» in the arms opposite 

to the breakpoints found in T5-7o. Therefore, the breakpoints of 

T5-71 should be revised to either L-L or S-S. Since a break somewhere 

on chromosome 7 other than in the long arm would be easily recognized 
in mitotic cells, it is suggested that the breakpoint on chromosome 5 

may be incorrect, thus the breakpoints of T5-71 should be revised to 

L-L rather than S-S, ,

The breakpoint positions of four of the translocations, T5-7d,

-e, -f and -g, have been reported to be in the long arms of both chro

mosomes 5 and 7, , These were crossed to four of the translocations,

T5-7m, -p, - r , and -aa, in which the breakpoints are reported to be in 

the short arm of chromosome 5 and in the short arm (T5-7m and -r) or
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satellite (T5-7p and -aa) of chromosome 7. These 16 intercrosses

should be L-L x S-S "opposite arms" intercrosses.

The Fj progeny of 12 of the intercrosses, T5-7d x -m, -d x -p,

-d x - r , -d x -aa, -e x -m, -e x -p, -e x -r, -e x -aa, -g x -m,

-g x -p, -g x -r, and -g x -aa, had about 50% sterility. Metaphase I 

configurations were observed in cells of all progeny with the excep

tion of the F^ from T5-7g x -p. The configurations observed were mainly 

711?s with some associations of four. The sterility and cytology 

indicate that these 12 crosses are L-L x S-S "opposite arms" inter

crosses and confirm the reported breakpoints of the translocations 

involved in the intercrosses given in Table 9.

The F^ of three of the intercrosses, T5-7f x -m, -f x -p, and 

-f x -aa, showed mostly associations of four in the metaphase I cells.

The sterility observed was about 35%. The metaphase I configurations 

indicate that these three crosses are not "opposite arms” intercrosses.

The breakpoints of T5-7m, -p., and -aa have been confirmed as 

S-S or S-Sat. If the crosses involving these three translocations and 

T5-7f are not "opposite arms" intercrosses, then the breakpoints of 

T5-7f should be L-S or S-L instead of L-L. Since the breakpoint on

chromosome 5 of T5-7f was tentative, the breakpoints of T5-7f are re

vised to S-L as given in Table 9.

The F^ progeny of one of the crosses, T5-7f x -aa, had no ovule 

sterility and only 711?s were observed in the metaphase I cells. This 

suggests that the plant designated as the F^ of T5-7f x -aa, is the 

result of accidental selfing instead of a cross.
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The translocations T5-7m, -r, and -aa were also crossed to two 

of the translocations, T5-7h and -i, in which the breakpoints have been

,reported to be in the long arms of both chromosomes. These six crosses 

should be S-S x L-L "opposite arms" intercrosses.

The progeny of three of the intercrosses, T5-7i x -m, -i x 

- r , and -i x -aa, had about 50% sterility. The metaphase I configura

tions observed were mainly 711?s with some associations of four. The 

sterility and cytology indicate that these three crosses are L-L x S-S 

"opposite arms" intercrosses and confirm the reported breakpoints of 

the translocations involved in the intercrosses.

The progeny of the other three intercrosses, T5-7h x -m,

-h x -r, and -h x -aa, had mostly associations of four in the metaphase

I cells with some 7X1fs observed. The sterility of the crosses ranged 

from 33% to 44%. The metaphase I configurations indicate that these 

three crosses are not "opposite arms" intercrosses.

The breakpoints of T5-7m, -r, and -aa have been confirmed as 

S-S or S-Sat. If the crosses involving these three translocations and

T5-7h are not "opposite arms" intercrosses, then the breakpoints of

T5-7h should be S-L or L-S instead of L-L. Since a break on chromosome 

7 somewhere besides the long arm would be easily recognized, it is 

probable that the break on chromosome 5 is in the short arm rather than

the long arm. Thus, the breakpoints of T5-7h should be revised to S-L

as given in Table 9.

The translocations T5-7m and -p were also crossed to one of the 

translocations, T5-7s, in which the breakpoints have been reported to
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be in the long arms of both chromosomes 5 and 7» These two crosses 

should be S-S x L-L "opposite arms" intercrosses.

The progeny of both of the crosses, T5-7m x -s and -p x -s, 

had about 45% sterility. The metaphase I configurations were mainly 

711fs with some associations of four. The sterility and cytology indi

cate that the two crosses are S-S x L-L "opposite arms" intercrosses 

and confirm the reported breakpoints of the translocations involved in 

the intercrosses.

The translocations T5-7p, -r, and -aa were also crossed to one 

of the translocations, T5-7k, in which the breakpoints have been 

reported to be in the long arms of both chromosomes 5 and 7. These 

three crosses should be S-S x L-L or S-Sat x L-L "opposite arms" inter

crosses o

The F^ progeny of the three intercrosses, T5-7k x -p, -k x -r, 

and -k x -aa, had about 50% sterility. The metaphase I configurations 

observed were mostly 7119s with some associations of four. The steril

ity and cytology indicate that the three crosses are S-S x L-L "oppo

site arms" intercrosses and confirm the reported breakpoints of the 

'translocations involved in the intercrosses.

Two of the translocations used in a number of crosses, T5-7m 

and - r , have the breakpoint on chromosome 7 in the short arm. They 

were crossed to nearly all the same translocations as T5-7p and -aa, 

which have the breakpoint on chromosome 7 in the satellite. Crosses 

involving the latter two translocations showed 50 associations of four
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in 921 cells, which is 5.4%. Crosses involving the former two trans

locations showed 23 associations of four in 1,152 cells, which is 1.9%.

Since information on the specific location of the breakpoint 

positions on chromosome 5 is not available, there is no evidence that 

the difference in number of associations of four is due only to the 

position of the breaks on chromosome 7. But these differences do 

indicate that further studies involving these translocations might be 

worthwhile.

Twenty-two of the thirty intercrosses have been confirmed as 

"opposite arms" intercrosses. Metaphase I cells were not observed in 

the progeny of one of the crosses, T5-7g x -aa. Only 7111s were ob

served in the progeny of seven of the crosses, T5-7f x -aa, -g x -m,

-g x -p, -g x -r, -i x -m, -k x -p, and -m x -s. Associations of four 

were observed in a few cells in progeny of 14 of the crosses, T5-7b x 

-o, -d x -m, -d x -p, -d x -r, -d x -aa, -e x - p , - e  x - r , - e x  -aa,

-i x -r, -i x -aa, -j x -o, -k x - r , -k x -aa, and -p x -s. Isolation 

of 112-chromosome, double interchanges" involving chromosomes 5 and 7 

may be possible from these 14 "opposite arms" intercrosses in which 

associations of four were observed.

14. T6-7's

Eleven single translocations involving chromosome 6 and chromo

some 7 were used to make 31 intercrosses. The intercrosses, the re

ported breakpoints of the single translocations involved in the 

intercrosses, and the metaphase I configurations and ovule and pollen



82
sterility observed in the progeny of the intercrosses are given in 

Table 10. Based on the cytological and sterility data presented in 

Table 10, either confirmations of or suggested changes in the reported 

breakpoints of the translocations involved in the intercrosses are 

presented in the last column of that table.

The breakpoint positions of one of the translocations, T6-7m, 

are reported to be in the short arm of chromosome 6 and in the long arm 
of chromosome 7. This translocation was crossed to one of the trans

locations , T6-7i, in which the breakpoints are reported to be in the 

long arm of chromosome 6 and in the short arm of chromosome 7. This 

single intercross should be a S-L x L-S Mopposite arms1’ intercross.

The progeny of the intercross, T6-7i x - m , h a d  56% steril

ity. Mostly 7111s were observed in the metaphase I cells, with asso

ciations of four observed in some cells. The sterility and cytology 

indicate that this cross is a S-L x L-S "opposite arms" intercross and 

confirm the reported breakpoints of T6-7i and -m. The breakpoint 

positions of these two translocations have also been confirmed in a 

recent study by Hagberg et al. (1978).

Three of the translocations, T6-7a, -d., and -1, have breakpoints 

which are reported to be in the centromere (Cen) of chromosome 6, 7, or 

both. The breakpoints of T6-7a are reported to be in the centromeres 

of both chromosomes 6 and 7 (Cen-Cen). The breakpoints of T6-7d are 

reported to be in the short arm of chromosome 6 and in the centromere 
of chromosome 7 (S-Cen). The breakpoints of T6-71 are reported to be
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in the centromere of chromosome 6 and in the short arm of chromosome 7 

(Cen-S)o

The translocations T6-7a and -d were crossed to all nine of the 

other T6-7 translocations used in this study, T6-7b, -c, -i, -k, -1,

-m, -n, - t , and -aq, and to each other. These 19 crosses were made in 

order to determine which were "opposite arms" intercrosses and to 

determine the chromosome pairing behavior of a translocation in an 

intercross when a breakpoint is located at the centromere.

Four of these 19 crosses made with T6-7a and -d involved two 

translocations having reported breakpoints in the long arm of chromo

somes 6 and 7, T6-7b and -n. A ring of six chromosomes was observed in 

the metaphase I cells from the progeny of T6-7a x -b and -b x -d. 

Metaphase I cells from the progeny of T6-7a x -n and -d x -n were not 

observed. The progeny of T6-7a x -n and -b x -d had 53% sterility.

The progeny of T6-7d x -n had normal seed set. Sterility could not be 

observed in the progeny of T6-7a x -n due to death of the plant prior 

to maturity. The cytology and sterility indicate that the plants 

designated as the F^'s of these four crosses are probably the result of 

accidental contamination or selfing instead of a cross.

Eight of the 19 crosses made with T6-7a and ~d involved trans

locations having breakpoints in the short arm of both chromosomes 6 and 
7 or in the long arm of both chromosomes 6 and 7, T6-7c (S-S), -k (S-S), 

-t [ L(S)-L(S)] , and -aq [S(L)-S(L)] . The F^ progeny of these eight 

crosses had about 30% sterility. The metaphase I configurations ob

served were mainly associations of four with a few 711T s . The sterility



Table 10. Metaphase I Configurations and Sterility Observed in T6-7 Intercrosses and Breakpoint 
Positions Based on These Observations•
(S = short arm; L = long arm; Sat = satellite; Cen = centromere; P-S-P = pair to the same
pole; 04 = association of four ; 711 = seven pair; 06 = association of six)

No . MI Configurations % Sterility Conf irmed
Reported or Revised

Intercross Breakpoints 711 04 P-S-P 06 Female Male Breakpoints
T6-7a x -b Cen-Cen x L-L 0 0 0 47 —  — S-Cen,L x L-L

-c Cen-Cen x S-S ------- ------- - ---- 36 —— . S-Cen,L x L-L
-d Cen-Cen x S-Cen ------- ------- - -- 32 ---- S-Cen,L x S-Cen,L
-i Cen-Cen x L-S 17 1 0 0 50 —— S-Cen,L x L-S
-k Cen-Cen x S-Sat ------- ------- - -- 34 ---- S-Cen,L x S-Sat
-1 Cen-Cen x Cen-S ------- ------- - —— 35 — S-Cen,L x S-S
-m Cen-Cen x S-L ------- --- - ---- 27 -- S-Cen,L x S-L
-n Cen—Cen x L-L ------- ------- - -- 53 —— S-Cen,L x L-L
-t Cen-Cen x L(S)-L(S) 4 36 0 0 30 -- S-Cen,L x L-L
-aq Cen-Cen x S(L)-S(L) 9 30 0 0 33 --■ S-Cen,L x S—S

T6~7b x — c L-L x S-S 0 0 0 36 53 --: ' L—L x L—L
-d L-L x S—Cen 0 0 0 39 53 -- L-L x S-Cen,L
-k L-L x S-Sat 25 45 0 0 37 15 L—L x S— Sat
-1 L—L x Cen—S 0 0 0 43 49 L-L x S-S
-t L-L x L(S)-L(S) 0 0 0 49 56 -- L-L x L-L
-aq L-L x S(L)-S(L) 0 0 0 51 47 -- L-L x S—S

T6-7c x -d S—S x S—Cen 0 111 0 0 38 '-- L-L x S-Cen,L
-1 S— S x Cen— S -- -- - -- 54 -- L-L x S-S
-t S-S X L(S)-L(S) 120 0 0 0 45 - L-L x L—L
-aq S-S x S (L)-'S (L) 87 5 1 0 43 ---- L—L x S-S

T6-7d x -i S—Cen x L—S 103 7 0 0 49 S-Cen,L x L-S
-k S-Cen x S-Sat 0 104 0 0 39 - S-Cen,L x S-Sat
-1 S-Cen x Cen-S 2 15 0 0 30 — — S-Cen,L x S-S
-m S-Cen x S-L 42 0 0 0 34 ---- S-Cen,L x S—L
-n S-Cen x L-L 106 0 0 0 0 ---- S-Cen,L x L-L

00-£>



Table 10 (corlt.)

Reported 
Intercross Breakpoints

No.

711

MI Configurations 

04 P-S-P 06

% Sterility 

Female Male

Confirmed 
or Revised 

Breakpoints
T6-7d x -t S-Cen x L(S)-L(S) 0 51 0 0 32 — — S-Cen,L x L-L

-aq S-Cen x S(L)-S(L) 6 75 0 0 36 ---- S-Cen,L x S—S
T6-7i x -m L-S x S-L 122 8 0 0 57 — L—S x S—L

-aq L-S x S(L)-S(L) 26 108 0 0 35 ----- L—S x S— S
T6-7k x -1 S-Sat x Cen-S — — — —  — - — — 45 ■ ---- S-Sat x S-S

-t S-Sat x US)-L(S) 0 196 0 0 35 ---- S-Sat x L-L
-aq S-Sat x S(L)-S(L) 0 121 0 0 36 ---- S-Sat x S-S

T6-71 x -m Cen—S x S—L ---- — ---- — - — — 33 — S-S x S-L
-n Cen—S x L—L 0 0 0 32 51 ---- S—S x L—L
-t Cen-S x L(S)-L(S) 87 0 9 0 51 --- - S-S x L-L
-aq Cen-S x S(L)-S(L) ' 148 0 0 0 26 — — S—S x S— S

T6-7m x -aq S-L x S(L)-S(L) 0 125 0 0 38 ---- S-L x S-S
T6-7n x -aq L-L x S(L)-S(L) 0 0 0 63 49 --- - L-L x S-S
T6-7t x -aq L(S)-L(S) x S(L)-S(L) 106 4 0 0 49 ---- L—L x S-S

00
Ln
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and cytology indicate that these crosses are not "opposite arms" 

intercrosses•

Four of the 19 crosses made with T6-7a and -d involved two 

translocations for which breakpoints have been confirmed as given in 

Table 10, T6-7i and -m. The breakpoints of T6-7i have been confirmed 

as L~S, and the breakpoints of T6-7m have been confirmed as S~L.

The progeny of the intercrosses, T6-7a x -i and -d x - i , had 

50% sterility. The metaphase I configurations observed were mainly 

711T s with some associations of four. The sterility and cytology indi

cate that these two crosses are "opposite arms" intercrosses.

The F^ progeny of the intercrosses, T6-7a x -m and -d x -m, 

had about 30% sterility and 7111s were observed in metaphase I cells 

from the F^ of T6-7d x -m. Metaphase I cells were not observed from 

the F^ of T6-7a x -m. The sterility and cytology indicate that these 

crosses are not "opposite arms" intercrosses, but instead are "same 

arms" intercrosses.

Two of the 19 crosses using T6-7a and -d involved the third 

translocation which has a breakpoint reported in a centromere, T6-71 

(Cen-S). The F^ progeny of the two crosses, T6-7a x -1 and -d x -1, 

had about 30% sterility. The metaphase I configurations observed were 

mainly associations of four with a few 711 ’s . The cytology and steril

ity indicate that these two crosses are not "opposite arms" inter

crosses. ,

The last of the crosses involving T6-7a and -d was made by 

crossing T6-7a (Cen-Cen) with T6-7d (S-Cen). Metaphase I cells from the
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of the cross were not observed, however, the plant had 30% sterility. 

The sterility indicates that the cross is not an nopposite arms" 

intercross.

Low sterility in the of a translocation intercross indicates 

that either the two translocations have breakpoints in the same arms or

that two of the breakpoints are in the "same arms" and two are in the

"opposite arms." These two possibilities can only be distinguished by 

observations of the metaphase I cells. However, since T6-7a and -d

have behaved in a similar manner in all of the crosses made, the low

sterility indicates that the cross T6-7a x -d is a "same arms" inter

cross.

The data presented in Table 10 from the crosses of T6-7a and -d 

with T6-71 and -m indicates that the breakpoints of T6-7a and -d are in 

the same arms as T6-7m and in the opposite arms as T6-7i. Since the 

breakpoints of T6-7m are S-L, the breakpoints of T6-7a and -d should 

be S-L. These would be opposite to the breakpoints of T6-7i which are 

L-S.

The reported breakpoints of T6-7a are Cen-Cen and those of 

T6-7d are S-Cen. Based on karyotype observations, Hagberg et al.,

(1978) recently reported that the breakpoints of both T6-7a and -d are 

S—Cen.

Although the breakpoint on chromosome 7 in both T6-7a and -d 

appears to be in the centromere, the two translocations behavior in 

translocation intercrosses with T6-7i and -m indicates that the break

points are in the long arm of chromosome 7. This discrepancy is
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probably due to the fact that it is the long arm of chromosome 7 which 

is translocated to the centromere carrying segment of chromosome 6. 
Therefore5 on the basis of the karyotype observations of Hagberg et al. 

(1978) and the sterility and metaphase I configurations observed in 

this study, the breakpoints of T6-7a and -d should be revised to

S-Cen,Lo

The breakpoints of three of the T6-7 translocations used in 

this study, T6-7c, -1, and - t , were recently reported by Hagberg et al. 

(1978), their work being based on karyotype observations. The break

points of T6-7c and -t were reported as L-L and those of T6-71 were 

reported as S-S. Prior to this work, the breakpoints of T6-7c were 

reported as S-S, those of T6-71 were reported as Cen-S, and those of 

T6-7t were reported as L(S)-L(S) (see Table 1).

The translocation T6-71 was crossed to T6~7c and - t . The two 

latter translocations were crossed with each other. These three 

crosses were made in order to determine which were "opposite arms" 

intercrosses.

The progeny of the cross T6-7c x -t had 45% sterility. Only 

7111s were observed in the metaphase I cells. The sterility and 

cytology indicate that this may be an "opposite arms" intercross.

The progeny of the two crosses, T6-7c x -1 and -1 x -t, had 

about 50% sterility. Metaphase I configurations were observed from 

the F^ of T6-71 x -t. The configurations observed were mainly 7111s 

with some associations of four. The sterility and cytology indicate 

that these two crosses are "opposite arms" intercrosses.
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Based on the observations of Hagberg et al. (1978), the cross

T6-7c x -t should be a "same arms" intercross« Although in this study

high sterility was observed in the progeny of this cross, it is still 

possible to conclude that T6-7c x -t is a "same arms" intercross since

T6-7c and -t behaved in a similar manner when crossed to T6-71. Thus,

this data supports the report by Hagberg et al. that the breakpoints 

x of T6-7c and -t are L-L.

The crosses T6-7c x -1 and -1 x -t have been confirmed as 

"opposite arms" intercrosses, indicating that the breakpoints of T6-71 

are S-S instead of Cen-S as reported by Hagberg et al. (1978). The 

data presented here merely supports the reported breakpoints since this 

type of data cannot distinguish between breaks in an arm and breaks at 

the centromere.

The translocation T6-71 was also crossed to T6-7b, -m, and -n.

The two translocations, T6-7b and -n have reported breakpoints in the 

long arms of both chromosomes 6 and 7. The translocation T6-7m has 

confirmed breakpoints in the short arm of chromosome 6 and in the long 
arm of chromosome 7.

The progeny of the two crosses, T6-7b x -1 and -n x -1, had 

a ring of six chromosomes in the metaphase I cells. Both progeny had 

about 50% sterility. The cytology and sterility indicate that the 

plants designated as the F^'s of T6-7b x -1 and -n x -1 were the 

result of accidental contamination instead of a cross.

The F^ progeny of the cross T6-71 x -m had 33% sterility. 

Metaphase I configurations were not observed from the F^ of this cross.



The sterility indicates that this is not an "opposite arms" intercross 

and supports the' confirmed breakpoints of T6-71 (S-S) and T6-7m (S-L).

The two translocations3 T6-7c and -t, were also crossed to 

T6-7b, The breakpoints of T6-7c and -t have been confirmed as L-L.

The reported breakpoints of T6-7b are L-L.

The progeny of both crosses, T6-7b x -c and -b x -t had a 

ring of six chromosomes in the metaphase I cells and approximately 50% 

sterility. The cytology and sterility indicate that the plants desig

nated the F^'s of T6-7b x -c and -b x -t were the result of accidental 

contamination instead of a cross.

The breakpoints of T6-7aq are reported as being either in the 

long arms or the short arms of both chromosomes 6 and 7. This trans

location was crossed to nine of the other T6-7 translocations, T6-7a,

—b , — c , —d 9 — i , —1, —m, —n, and — t.

The two translocations, T6-7b and -n, have reported breakpoints

in the long arms of both chromosomes 6 and 7. The F^ progeny of the 

crosses, T6-7b x -aq and -n x -aq, had a ring of six chromosomes 

observed in the metaphase I cells and approximately 50% sterility.

The cytology and sterility indicate that the plants designated the F ^ ’s 

of T6-7b x -aq and -n x -aq are the result of contamination instead of 

a cross.

The breakpoints of T6-7a and -d have been confirmed as S-Cen,L. 

The breakpoints of T6-7i and -m have been confirmed as L-S and S-L, 

respectively. The results of the crosses T6-7a x -aq and -d x -aq' have 

been discussed previously. The F^ progeny of all four of the crosses.



T6-7a x -aq, -d x -aq, -i x -aq, and -m x -aq, had about 35% sterility. 

Mostly associations of four with some 7llfs were observed in the meta

phase I cells. The cytology and sterility indicate that these crosses 

are neither "opposite arms" nor "same arms" intercrosses.

The breakpoints of two of the translocations, T6-7c and - t , have 

•been confirmed as L-L» The progeny of the two crosses, T6-7c x -aq 

and -t x -aq, had about 45% sterility. Mostly 711's were observed in 

the metaphase I cells. In both progeny, a few associations of four 

were also observed in the metaphase I cells, indicating that these two 

crosses are "opposite arms" intercrosses.

The breakpoints of T6-71 have been confirmed as S-S. The 

progeny of the cross, T6-71 x -aq, had 26% sterility and only 711fs 

were observed in the metaphase I cells. This indicates that this cross 

is a "same arms" intercross and that the breakpoints of T6-7aq are S-S. 

This conclusion is supported by the fact that the crosses, T6-7c x -aq 

and -t x -aq, are "opposite arms" intercrosses, the breakpoints of 

T6-7c and -t being L-L.

The breakpoints of the translocation, T6-7k, are reported as

S-Sat. This translocation was crossed with six of the T6-7 transloca

tions, T6-7a, - b , -d, -1, -t, and -aq. The results of two of the 

crosses, T6-7a x -k and -d x -k, have been discussed previously.

The F^ progeny of all of the crosses, T6-7a x -k, -b x -k,

-d x -k, -k x -1, -k x -t, and -k x -aq, had about 37% sterility. 

Metaphase I configurations were not observed in the progeny of T6-7a x 

-k and -k x -1. Mainly associations of four were observed in the
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metaphase I cells from the progeny of the other four crosses, T6-7b x 

-k, -d x -k, -k x - t , and -k x -aq. The cytology and sterility indicate 

that these crosses are probably not "opposite arms11 intercrosses.

It should be noted that T6-7k formed associations of four when 

crossed to any other T6-7 translocation used, i.e., T6-7b (L-L), T6-7d 

(S-Cen,L), T6~7t (L-L) and T6-7aq (S-S). Two possible explanations 

can be suggested.

First, a normal plant when crossed to any translocation will 

form associations of four in the metaphase I cells of the progeny. If 

the line designated T6-7k was actually normal, then its behavior would 

be explained. This can be checked by crossing the T6-7k stock with 

any normal plant. Associations of four in the metaphase I cells of the 

progeny will indicate that the stock is a homozygous translocation.

Second, unusual pairing relations would be possible if the 

satellite region of chromosome 7 carried a strong pairing initiation 

site. Hypothetical diagrams of T6-7k, - t , and -aq can be found in 

Figures 5-a, -b, and -c. It can be seen that if region (b) of chromo

some 7 has a strong pairing initiation site, then associations of four 

could be formed in T6-7k x -t (Figure 5-d), a S-Sat x L-L intercross 

and in T6-7k x -aq (Figure 5-e), a S-Sat x S-S intercross.

Late diplotene cells from T6-7k x -aq were observed. In many 

of these cells, an association of four chromosomes could be seen in 

which a satellite region is tightly paired and associated with the 

nucleolus. This suggests that the satellite region of chromosome 6 is 
paired, thus refuting the second explanation.



93
a) Normal chromosomes 6 and 7.

1 2 3 4 5 6 7 8 9  10 a b c d e f g h i j

b) Translocated chromosomes of T6-7k (S-Sat).

9 10a
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c) Translocated chromosomes of T6-7t (L-L).
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d) Translocated chromosomes of T6-7aq (S-S).

a ’ b ’ c' d ’ 6’ 7 ’ 8’ 9 ’ 10' 1' 2 ’ 3 ’ 4 ’ 5 ’ e ’ f ’ g' h' i ’ j ’

e) Association of four in the of T6-7k x -t (S-Sat x L-L).
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f) Association of four in the of T6-7k x -aq (S-Sat x S-S).
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Figure 5. Hypothetical Pairing Between the Interchanged Chromosomes of 
T6-7k and T6-7t and Between T6-7k and T6-7aq.
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Hagberg et al, (1978) have divided T6-7 translocations into 

groups determined by breakpoint data derived from karyotype studies.

They suggest that translocations, such as T6-7d and - t , which are in 

the same group, should behave in a similar manner in translocations 

intercrosses. When these two translocations were crossed to T6-7i, 6% 

of the cells in both progeny had associations of four. From 

karyotype information (Hagberg et al,, 1978) it has been reported that 

T6-7m is very similar morphologically to T6-7a and -d. In crosses 

with T6-7i, T6-7m behaves in a manner similar to T6-7a and -d, in that 

associations of four are observed in 6% of the metaphase I cells.

Seven of the 31 crosses were confirmed as "opposite arms" 

intercrosses. Metaphase I cells were not observed from the progeny of 

one of the crosses, T6-7c x -1. Associations of four were observed in 

the metaphase I cells of the other six crosses, T6-7a x -i, -c x - a q ,

-d x -i, -i x -m, -1 x - t , and -t x -aq. Isolation of "2-chromosome, 

double interchanges" involving chromosomes 6 and 7 may be possible 

from these six "opposite arms" intercrosses in which associations of 

four were observed.

C. Associations Involving the Nucleolus

Chromosomes 6 and 7 of barley are of interest because of their 

association with nucleoli. Generally, in meiosis, only one nucleolus 

will be found per cell and it will be chromosome 6 which is associated 

with it (Nilan, 1964). At times, two nucleoli can be found, usually 

one larger than the other. In this case, chromosome 6 is associated
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with the larger of the nucledli and chromosome 7 with the smaller. In 

some cells chromosome 6 and 7 are seen associated with the same nucleo

lus . This is probably a case of fusion of the two nucleoli. Because 

associations with nucleoli are visible at diplotene and early dia- 

kinesis, chromosomes 6 and 7 can b e .recognized in meiotic cells and 

at times, even distinguished from each other.

In intercrosses involving chromosome 6 or chromosome 7 or both, 
variations were observed during meiosis in the number of nucleoli, and 

in the associations between the chromosomes and the nucleoli. In two 

of the plants, three nucleoli were observed in a few cells. Figure

6-a shows 711f s observed in the F^ of Tl-6a x Tl-61. Three nucleoli 

can be seen with a pair associated with each. In the nucleolus marked 

f 3 ,1 both arms of the pair are associated with the nucleolus. In 

those marked Tl ? and *2,' only a single arm of the. pair is associated 

with the nucleolus. This suggests that the pair associated with T3 T 

is chromosome 7 and those pairs associated with 'I1 and ?2 T are the 

interchanged chromosomes. Since the break in chromosome 6 in Tl-6a 
is in the satellite, the associations in Figure 6-a give direct 
evidence that the satellite of 6 has a pairing site and that pairing 
is initiated at the ends in this case. Only four associations of four 

chromosomes were observed in 112 metaphase I cells from this, plant, and 

these were loosely associated at the nucleolus, suggesting the existence 

of a secondary pairing site in the satellite region of chromosome 6.

A second F ^ , T5-6b x -m, also showed three nucleoli, one large 

and two small. The large nucleolus appeared to be associated with both



Figure 6. Chromosome Pairing Involving the Nucleolus.

A. Three nucleoli in a diplotene cell from the of Tl-6a x -1.
One nucleolus (3) is associated with both arms of a pair.
The other two nucleoli (1 and 2) are each associated with a 
single arm of a pair.

Two nucleoli associated with a single pair in a diplotene cell 
from the F^ of T5-6e x - r .
5

Two nucleoli associated with an association of four in a 
diplotene cell from the F^ of T6-7a x -t. Arrow indicates
the T76a chromosome which has a satellite at both ends.

D. A single nucleolus associated with two pair in a diplotene
cell from the F^ of T6-7a x -t.

B.

C.
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Figure 6. Chromosome Pairing Involving the Nucleolus.
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arms of a pair, indicating the pair may be the two normal chromosomes 

7 o As in the previous case, one of the breakpoints in chromosome 6 is 

in the satellite. The consistent appearance of three nucleoli in this 

type of translocation intercross provides evidence of a pairing 

initiation site in the satellite of chromosome 6.
Two nucleoli were frequently observed. In two cases, the two 

nucleoli were associated with a single pair of chromosomes and in a 

number of cases they were associated with an association of four chromo

somes. A single pair associated with two nucleoli in a cell with 711 

from the of T5-6e x -r can be seen in Figure 6-b. The two nucleoli 

are close in proximity and may fuse. But, the fact that they are 

separate suggests a lack of pairing between the two translocated 

chromosomes may be the cause. In a second F^ involving chromosome 6, 
T4-6e.x -n, the two nucleoli observed were spatially very distant. The 

pair of chromosomes associated with the two nucleoli were stretched out 

and would probably have looked like a rod bivalent at metaphase I.

This indicates a total lack of pairing in the short arm and satellite 

of chromosome 6 in this particular translocation intercross.

Associations of four were frequently associated with two 

nucleoli in the F^ of T6-7a x - t . The configurations observed in this 

intercross were mainly associations of four, thus it is probably not an 

"opposite arms11 intercross. Cells from this plant can be observed in 

Figure 6-c and -d. In both cells, one large and one small nucleolus is 

associated with the four chromosomes. In Figure 6-c, the four chromo

somes form a ring and in Figure 6-d the four chromosomes appear to form
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two pair of chromosomes« From the configurations observed and knowledge 

of the breakpoint positions, it is possible to hypothesize that the 

large nucleolus is produced by the nucleolar organizing region on 

chromosome 6 and the small nucleolus is produced by the nucleolar 
organizing region, on chromosome 7. This is possible since the T76a 

chromosome of T6-7a has a satellite at each end. The arrow in Figure

6-c points to the T76a chromosome.
Although the four chromosomes associated with the two nucleoli 

in Figure 6-d appear to form two pair of chromosomes, it is difficult 

to visualize how this might occur. It appears that the satellite 

regions of chromosome 6 are paired, indicating that the four chromo

somes are associated. But, it is very likely that by metaphase I, 

these four chromosomes would look like two pair of chromosomes more 

distinctly than they do now.

It can be concluded that intercrosses involving chromosome 6,

7 or both can be much more useful for studying chromosome pairing 

because of the nucleoli which allow them to be distinguished from the 

other chromosomes during meiosis. From this study, it has been ob

served that some regions of the satellite of chromosome 6 initiate 
^pairing very frequently and that other regions do not. Certainly this 

implies that the satellite region of 6 is large enough that differ

ences can be found just within it. This also conflicts with the know

ledge that often in normal material a rod bivalent is observed at 

metaphase I. It has been inferred that the rod bivalent is chromosome 

6 and is formed when the nucleolus interferes with pairing in the



satellite region« Possibly the changes in chromosome morphology due to 

the translocation of chromosome segments have effected pairing initia

tion in this region.

Do Variations in Associations of Four Chromosomes at Metaphase I

At the onset of this study, it was suspected that pachytene 

cells of barley would be useless for determining frequencies of asso

ciations of four in plants which showed mainly 7ll?s. It was thought 

that the associations might persist into diplotene, but evidence of 

this was not found. Thus, it was necessary to determine what metaphase 

I configurations might result from the double-cross or T-configurations 

which had been found in maize at pachytene (Tabata, 1963; Burnham et 

al., 1972).

The types of metaphase I configurations which might result from 

a double-cross configuration at pachytene are dependent upon the number 

and position of chiasmata. By dividing the double-cross configuration 

into eight regions, as illustrated in Figure 7, eight different cate

gories of configurations could be produced in metaphase I, depending 

upon the number and position of chiasmata. Each of the theoretical 

configurations and the.number and position of chiasmata necessary in 

a double-cross configuration to produce them are given in Table 11.

Some of the metaphase I configurations expected if a double- 

cross configuration was present at pachytene were observed in the F^ 

cells of the "opposite arms" intercrosses. Examples from four differ

ent "opposite arms" intercrosses can be found in Figures 8-a, b, c.
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a) Interchanged chromosomes in the of an "opposite arms" intercross.

b) A double-cross configuration.

Region Region

fJ
z /

RegionRegion

/ Region 
6ZV Region

fZRegion Region

Figure 7. Hypothetical Pairing in the F of an "Opposite Arms" 
Intercross Producing the Double-Cross Configuration 
at Pachytene.



Table 11,

Number
Chiasmata

0

1

2

3
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Metaphase I Configurations Expected if the Double-Cross Con
figuration is Formed at Pachytene.

Chiasmata Position 
(By Region in Figure 7)

Expected .
Metaphase I Configuration
4 univalents

1-8 1 rod bivalent + 2 
univalents

14*4, 24*3 ̂ 54*8, 64-7 1 ring bivalent 4- 2 
univalents

14-5 s 14-8 9 24-6, 24-7 ? 34-6, 
34-7) 44*5 9 44-8

2 rod bivalents

14-2 9 14-39 14-69 14-7, 24-4, 2+5, 
2+8, 3+4, 3+5, 3+8, 4+6, 4+7,
5+6, 5+7, 6+8 , 7+8

1+4+5, 1+4+8, 1+5+8, 2+3+6
2+3+7, 2+6+7, 3+6+7, 4+5+8

1+2+3, 1+2+4, 1+3+4, 1+4+6
1+4+7, 1+6+7, 2+3+4, 2+3+5
2+3+8, 2+5+8, 3+5+8, 4+6+7
5+6+7, 5+6+8, 5+7+8, 6+7+8

1+2+5, 1+ 2+ 6, 1+2+7, 1+ 2+8
1+3+5, 1+3+6, 1+3+7, 1+3+8
1+5+6, 1+5+7, 1+ 6+ 8, 1+7+8
2+4+5,. 2+4+6, 2+4+7, 2+4+8
2+5+6, 2+5+7, 2+6+8, 2+7+8
3+4+5, 3+4+6, 3+4+7, 3+4+8
3+5+6, 3+5+7, 3+6+8, 3+7+8
4+5+6, 4+5+7, 4+6+8, 4+7+8

association of 3 + 1 
univalent

1 ring bivalent]and 
1 rod bivalent

association of 3 + 1 
univalent

associations of 4 
(probably chains)

1+4+5+8, 2+3+6+7 2 ring bivalents

1+2+3+4, 1+4+6+7, 2+3+5+8 9 
5+6+7+S

association of 3 + 1 
univalent

the other 64 combinations 
of 4 chiasmata

associations of 4 
(rings, chains, frying 
pan, etc,)

5 and more all combinations associations of 4
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A cell from the of Tl-5e x -ad can be found in Figure 8-a.

• Vx
The configuration observed (511 + 1 rod bivalent + 2 univalents) is one 

of those predicted by the presence of the double-cross configuration at 

pachytene. Other cells from this plant which were indicative of an 

association of four chromosomes at pachytene had 611 + 2 univalents or 
611 4- 1 rod bivalent.

The rod bivalent observed in Figure 8-a is not aligned with the 

other chromosomes at the metaphase plate. Although not obvious in this 

particular cell, in other cells of this plant both chromosomes of a 

rod bivalent were being pulled to the same pole. This is only possible 

if at one time these two chromosomes (whether a ring bivalent or rod 

bivalent) had been associated with two other chromosomes. Thus, the 

assumption has been made that a pair of chromosomes traveling to the 

same pole (P-S-P) is an indication of an association of four chromosomes 

at pachytene. Cells in which this configuration was observed at meta

phase I were counted and placed in a separate category (P-S-P) in 

Tables 3-10.

A cell from the F^ of Tl-6a x -x can be seen in Figure 8-b,

This cell is an example of the case where both chromosomes of a rod 

bivalent appear to be traveling to the same pole. In this example, 

the other 611 appear to be separating normally. Figure 8-c, a cell from 

the F^ of T6-7i x -m, is an example of the case in which two pair have 

both chromosomes traveling to the same pole. From this photograph, it 

appears that the two pairs are traveling to opposite poles and are 

separating from each other.



Figure 8. Atypical Meiotic Cells of "Opposite Arms" Intercrosses.

A. A rod bivalent and two univalents in a metaphase I cell from 
the Fj of Tl-5e x -ad.

B. A rod bivalent (arrow) traveling to the same pole in a meta
phase I cell from the F^ of Tl-6a x -x.

Co Two pair (arrows) traveling to opposite poles in a metaphase
, I cell from the F^ of T6-7i x -m.

Do "Frying Pan" configuration (arrow) in a diplotene cell from
the F^ of T5-6e x -1.

S. Unequal disjunction (6:8) in an anaphase I cell, from the F^
of T2-6o x -y*

F. A "ring" in a metaphase II cell from the F^ of T2-6u x - y .
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B %*

Figure 8 . Atypical Meiotic Cells of "Opposite Arms" Intercrosses.
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Typical associations of four in the form of rings, figure-eights, 

and chains of four were the type observed most often in the "opposite 

arms" intercrosses. An example of an association of four which was 

rarely seen is found in Figure 8-d, a cell from the of T5-6e x -1.

This cell, which is in diakinesis, has a ring bivalent with a tail 

associated with the nucleolus. This configuration, which might be called 

a "frying pan" configuration, is one of those predicted by the presence 

of a "double-cross" configuration at pachytene. In Table 11 it can be 

seen that 64 combinations of four chiasmata in the "double-cross" con

figuration will produce associations of four. Over one-third of these 

are the "frying pan" configuration. It is possible that by the time 

this cell reaches metaphase I, this "frying pan" would appear as a ring 

bivalent and a rod bivalent.

A second atypical association between four chromosomes occurred

in a cell from the F^ of T5-7d x -r. In this cell an association was

f observed between a ring bivalent on the metaphase plate and a "pair" 

being pulled to the same pole. A similar configuration was observed by 

Lamm and Miravalle (1959) in an "opposite arms" intercross in Pisum.

In order to be certain that pairs were going to the same pole,

a few anaphase I cells were examined for 6:8 disjunctions. Cells, such

as the one from the F^ of T2-6o x -y in Figure 8- e , were observed to 

have 6:8 disjunction. The observations were made on only a few plants 

and are not an integral part of this study. The cell in Figure 8-e and 

other cells from this plant in which chromosomes were observed to lag 

on the metaphase plate indicate that segregation and disjunction are not
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normal in this plant as would be expected if the chromosomes were pairing 

as 711.

It is not known what would occur in metaphase I if a "pair" 

from metaphase I were to travel to the same pole as a ring bivalent in 

which the chiasma had not terminalized. But, in a cell from the of

T2-6u x -y in Figure 8-f, a "ring" was observed at metaphase II.

E. Intercrosses Selected for Isolation of "2-Chromosome, Double 
Interchanges"

One of the purposes of studying "opposite arms" intercrosses 

was to ascertain which intercrosses would be most likely to produce 

"2-chromosome, double interchanges" in barley. From previous studies 

(Kasha and Burnham, 1965), it was expected that the F ^ 1s would show 

7111s at metaphase I. It was assumed that if associations of four were

found in any of the F ^ f s, these would be the plants from which to

attempt isolation of the "2-chromosome, double interchanges."

As the data in Tables 3-10 indicate, associations of four were 

found in each of the translocation groups in which intercrosses had 

been made. Some of these intercrosses are not "opposite arms" inter

crosses, but many are. The number of F^ plants which showed mixtures of 

associations of four and 711’s at metaphase I and the percent associa

tions in the mixture are given by translocation groups in Table 12. The 

confirmed "opposite arms" intercrosses which showed some associations of 

four in the metaphase I cells and the percent associations observed are 

given in Table 13.



Table 12, Numbers of Intercrosses In Which Associations of Four (94) and Seven Pairs (711) Are 
Observed at Metaphase I.

Translocation 
Group

% Associations of Four
No. of 

Intercrosses
No. of Intercrosses 

with 94 and 711
up to 

5 5-10 10-25 25-75 75-99
1-5
1—6

1-7
2-3
2-5 
2-6

3-5 
3-6
3-7
4-5
4—6
5—6
5-7
6-7

24
11

2

10

2

10

1
10

22

8
2

42
30
39

12
7
2

5 
1
4 
1
6
5 
4 
2

19
21
12

4
4
2

1

1
1
1
2

2

2
12
10

1

1
1
1

2

0

2

5

4
3

2

2

1

2

6
5

TOTALS 213 101 43 13 29
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Table 13, Percent Associations of Four Chromosomes Observed in "Opposite 
Arms" Intercrosses Which Show Mixtures of Seven Pairs and 
Associations of Four at Metaphase I,

\
Intercross % Associations Intercross % Associations
Tl-5a X -ad 1.1 T5-6c X -u 1.2
Tl-5e X —b 

-d
-v

3.4
0.6
4.7

T5-6e X -1
-q
-r

5.9
4.9 
1.2

-ad 6.6 T5-6j X -q 1.5
Tl-6a X -1 2.5 -r 6.1

-t
-x

1.1
4.2 T5-6k X -m 1.2

-w 3.6 T5-6in X -u 2.7
Tl~7e X -1 1.8 T5-6s X -t 1.1
TT-7f X — 1 2.3 T5-6t X -u 0.9
T2-3b X -g 1.9 -v 11.7

T2-3c X -d 16.8 T5-7b X -o 4.4

T2-3d X -e 6.8 T5-7d X -m
-P

0.7 
2.5

X2-5p X -u 9 .7 -r 1.3
T2-6o X -y 5.0 -aa 16.1

T2-6u X -y 6.0 T5-7e X -m
“P

10.1
4.7

T3-5h X -u 1.5 -r 2.1
T3-6k X —m 8.1 -aa 10.1

T3-6m X ~P 4.9 T5-7i X -r
-aa

2.3
14.5

T3-6n X ~P 8.7
T3-7a X -b 3.3 T5-7j X -o 12.5

T3-7m X -n 3.1 T5-7k X -r
-aa

4.5
1.2

T4-5b X -o 2. 1 T5-7p X —s 1.2
T4-5o X -v 4.5 T6-7a X -i 5.6
T4-6e X -n

-q
4.1
3.3 T6-7c X -aq 6.5

T5-6a X -r 0.5 T6-7d X -i 6.4

T5-6b X -m 1.3 T6-7i X -m 6.2
-t 1.5 T6-71 X -t 9.4

T5-6c X -h 
—o 
— s

13.2 
3.8 
0.9 J

T6-7t X -aq 3.6



108

The intercrosses which show up to 5% associations of four are
i

those which may produce the M2-chromosome> double interchanges" most 

useful in linkage tester sets. Though a large number of plants would 

have to be grown in order to obtain the crossovers necessary to isolate 

the double interchange, once established, very little crossing over would 

occur in the differential segments. The two crossovers necessary to 

produce the new double interchange chromosomes from the double-cross 

configuration are illustrated in Figure 9.

In order to isolate the double interchanged chromosomes from 

the gametes of the plant carrying them, it is necessary to cross the 

plant with a normal plant as illustrated in Figure 10, Across the top 

of the table are the normal chromosomes found in the gametes of a normal 

plant. Down the side of the table are the chromosomes which might be 

found in viable gametes produced by the F^ of an "opposite arms" inter

cross. Most of the progeny of this cross would be heterozygous for one 

of the two original translocations used in the intercross and would be, 

about 25% sterile. If the desired crossovers took place, then some of 

the progeny would be normal, and the same frequency of progeny would be 

heterozygous for the "2-chromosome, double interchange" and 50% sterile. 

By distinguishing between 25% and 50% sterility, the "2-chromosome, 

double interchange" could be isolated.

It should be pointed out that the intercross, T3-7c x T3-7d, was 

not chosen as one of those which would produce "2-chromosome, double 

interchanges." Associations of four chromosomes were not observed in 

the intercross. However, a "2-chromosome, double interchange" was



Figure 9
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/ /

I

The Result of Crossing Over in the Double-Cross Configuration 
at Pachytene.



Female Parent: 

of "Opposite Arms" Intercross

Parental Gamete 

Parental Gamete

Crossover Gamete

Crossover Gamete

Figure 10. Isolation of

Male Parent: Any Normal Plant

*

original translocation - 25% sterile

original translocation - 25% sterile

Normal - fertile

"2-Chromosome, Double Interchange" - 50% sterile

-Chromosome, Double Interchanges." 110
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isolated from this intercross by Tuleen (personal communication). This 

suggests that more cells need to be examined or possibly that some 

indication of associations of four has been overlooked in this study.

II. Cytology and Genetics of T3-7c -f- T3-7d

Stability is one of the major reasons that translocations have 

useful applications. Only because they are predictable in their 

behavior are they of any use in linkage tester sets and in breeding pro

grams. This stability must be maintained in "2-chromosome, double 

interchanges" in order to be useful.

If it is assumed that chromosome pairing most frequently is 

initiated at the ends of the chromosomes in barley, then when T3-7c + 

T3-7d is backcrossed to the parent translocations, Ts would be expected 

to show rings of four chromosomes at metaphase I. The data presented in 

Table 14 confirms that mainly rings of four are observed in both back- 

crosses. When T3-7c + T3-7d is crossed to a normal plant, 711Ts would 

be expected at metaphase I. The data given in Table 14 confirms this 

expectation.

In order to determine whether the "2-chromosome, double inter

change" is predictable in subsequent generations, Ts of T3-7c + T3-7d 

x a normal male sterile were grown and the plants classified for fer

tility, 50% sterility, and male sterility. The interchange is expected 

to segregate in a ratio of one homozygous normal (fertile) to two hetero

zygous double interchanges (50% sterile) to one homozygous double inter

change (fertile). The male sterile gene, msg 2, is located on
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Table 14.

T3-7c +  T3 
  x

T3-7C

T3-7d

Normal

Metaphase I Configurations and Sterility Observed in F 's of 
Crosses Involving T3-7c + T3-7d (711 = seven pairs)•

 Metaphase I Configurations______
-7d  Associations of Four_____
  711 Rings Figure Eights Chains

% Sterility 

Female Male

2

17

230

41

58

55

30

4

9

39

41

51

26

24

45
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chromosome 2 and should segregate independently of the translocation.

Since it is not possible to distinguish between fertile male steriles

and 50% sterile male steriles, it is necessary to combine these two

classes. Thus the expected phenotypic ratio is three fertiles to three

50% steriles to two male steriles.

A total of 50 plants were grown. The segregation observed

was 25 fertiles to 18 50% steriles to seven male steriles. This fits
2the 3:3:2 ratio with an X = 4.533 and P = .2 - ,1.„ A better fit might

be obtained by growing a greater number of F^ plants.



CONCLUSIONS AND SUMMARY

The purpose of this study was to examine cytologically the F^'s 

of many single translocation intercrosses, specifically the "opposite 

arms" type, in order to decide whether chromosome pairing in barley is 

initiated only at the ends of the chromosomes and whether any of the 

intercrosses might be suitable for isolating a new type of translocation, 

"2-chromosome, double interchanges."

One hundred and twenty-one single translocations belonging to 

14 of the 21 possible combinations of translocations were used to make 

213 intercrosses» Of the 213 crosses, ten crosses were "same arms" 

intercrosses, 57 crosses were "same arm-opposite arm" intercrosses, and 

17 crosses were probably the result of contamination or selfing.

These 84 crosses were not useful with respect to the purpose of 

the study. However, the 67 crosses which were definitely not "opposite 

arms" intercrosses indicated that some of the reported breakpoint posi

tions of the single translocations might be incorrect. Suggested 

changes in breakpoint positions for 22 of the 121 single translocations 

can be found in Tables 3-10.

Two of the single translocations, Tl-5f and T6-7k, when used in 

intercrosses produced confusing results. Regardless of the type of 

translocation they were crossed to, associations of four were always 

observed in the metaphase I cells of the F^'s. Thus, six of the crosses

114
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which should have been "opposite arms" intercrosses9 could not be 

classified as such. There is no explanation for this behavior at this 

time.

The remaining 123 crosses were confirmed to be "opposite arms" 

intercrosses. Only 711’s at metaphase I and/or 50% sterility were ob

served in the F^*s of 47 of these "opposite arms" intercrosses. Seven 

pairs and a low frequency of associations of four at metaphase I and 

50% sterility were observed in the F^'s of 65 of these "opposite arms" 

intercrosses (Table 13).

Metaphase I was the primary stage of meiosis which was examined 

in the F ^ ’s of the intercrossess although a few pachytene and diplotene 

cells were also observed. In some of the pachytene cells^ intercalary 

loops indicated regions of chromosome which were not paired. The 

diplotene cells were especially useful when the translocations involved 

chromosome 6, 7 or both. In this situation, the interchanged*chromo

somes could be recognized by their association with the nucleolus. In 

the F^'s of two intercrosses, Tl-6a x -1 and T5-6b x -m, one of the 

breakpoints on chromosome 6 is in the satellite region. Three nucleoli 

associated with three different pairs of chromosomes were observed in a 

few cells from both plants indicating a strong pairing site in the 

satellite of chromosome 6 (see Figure 6-a).

Previous studies on chromosome pairing using "opposite arms" 

intercrosses (Gopinath and Burnham, 1956; Burnham and Stout, 1968) have 

indicated that only 711’s would be expected in the metaphase I cells of 

the F j ’s of such intercrosses if chromosome pairing is initiated only at
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the ends of chromosomes. However, in maize, varying frequencies of 

associations of four have been observed in some "opposite arms" inter

crosses. Detailed studies of Tl-5vs in maize (Burnham et al., 1972) 

indicate that while chromosome pairing is primarily initiated at the 

ends of the chromosome, some pairing initiation does occur in other 

regions, with the frequency decreasing as the region gets closer to the 

centromere.

The associations of four observed in the metaphase I cells of 

F^'s of "opposite arms" intercrosses in this study indicates that 

chromosome pairing in barley may not be initiated strictly at the ends 

of the chromosomes. The need for more detailed studies is indicated 

by some of the results found in this study. For example, in intercrosses 

in which one of the breakpoints was in the satellite of chromosome 7,

5.4% of the metaphase I cells had associations of four. When one of the 

breakpoints was in the short arm of chromosome 7, only 1.9% of the 

metaphase I cells had associations of four. This indicates a pairing 

initiation site exists on the short arm of chromosome 7. In most cases, 

the actual location of the breakpoints on the short arm is unknown, 

thus it is difficult from this data alone to pinpoint the location of 

the pairing initiation site. By combining linkage data with the appro

priate "opposite arms" intercrosses, locating the pairing initiation 

sites in barley may be possible.

The isolation of a new type of translocation, called "2- 

chromosome, double interchanges," has been suggested by Burnham (1968) 

for use in linkage tester sets. The isolation of these translocations
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is dependent on pairing of the differential segments of single translo

cations in the F ^ ’s of "opposite arms" intercrosses. Associations of 

four in the metaphase I cells of these F ^ ?s indicate that the differ

ential segments are pairing. From Table 13 it can be seen that associa

tions of four are infrequently seen in the metaphase I cells of the 

F j Ys of these "opposite arms" intercrosses. Nevertheless, they are 

observed, and by using the scheme described in Figure 10, isolation of 

"2-chromosome, double interchanges" in barley may be possible from these 

intercrosses.

The associations of four observed in the metaphase I cells of 

F^'s of "opposite arms" intercrosses were not always the typical asso

ciations of four, i.e., rings of four, chains of four, and figure- 

eights. Early in the study, univalents, which were not expected, and 

pairs in which both chromosomes of the pair were traveling to the same 

pole were observed in metaphase I. In order to explain these and other 

configurations, it was hypothesized that the double-cross configuration, 

which is found at pachytene in maize "opposite arms" intercrosses, was 

occurring in these cells. By dividing the double-cross configuration 

into eight different regions (Figure 7), these atypical configurations 

observed at metaphase I could be explained by the number and position 

of chiasmata occurring in these eight regions (Table 11). The con

figurations observed which were not associations of four, but which 

indicated the presence of a double-cross (an association of four) at 

pachytene, were grouped into a single category called "pairs to the 

same pole" or "P-S-P."
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The existing "2-chromosome, double interchange," T3-7c + T3-7d, 

was crossed to its parental single translocations, T3-7c and T3-7d, and 

to a normal plant to determine what type of pairing might occur in the 

Fj's of these crosses. When crossed to either T3-7c or T3-7d, mainly 

associations of four were observed in the metaphase I cells of the F^'s 

indicating pairing was initiated primarily at the ends of the chromo

somes. When crossed to a normal, only 7111s were observed in the 

metaphase I cells of the F^. The pairs observed seemed to be paired at 

the ends. It was not possible to determine if the differential segments 

were pairing.
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