
Theor Appl Genet (1987) 75 : 5-12 

�9 Springer-Verlag 1987 

Cytogenetic studies in barley chromosome 1 by means 
of telotrisomic, acrotrisomic and conventional analysis* 

A. Shahla ** and T. Tsuchiya*** 

Department of Agronomy, Colorado State University, Fort Collins, CO 80523, USA 

Received March 12, 1987; Accepted August 19, 1987 
Communicated by G. Wenzel 

Summary. Genetic and cytogenetic techniques were ap- 
plied to linkage analysis of chromosome 1. Eight mark- 
er genes, including five on the short arm and three on 
the long arm, were analyzed with two telotrisomic lines, 
Triplo 1S and 1L, and one acrotrisomic line, Triplo 1L is. 
Telotrisomic analysis confirmed the position of at2, gs3, 
f3, br, f5, and f8  on the short arm, and lk2 and n on the 
long arm of the linkage map of chromosome 1. Conven- 
tional three-point tests with two triple genetic marker 
stocks showed thatf~ is located between br and gs3, and 
n is located in the middle o f f8  and lk2. Acrotrisomic 
for 1L Is was used for cytogenetic linkage mapping. 
Giemsa N-banding technique showed that the long (1L) 
and short (IS) arm had deficiencies of  37.5% and 73%, 
respectively. Genes f5, br, fc, gs3 and f8  in 1S and lk2 in 
1L were located in the deficient segments of  1L is. A tri- 
somic ratio obtained with n indicated an association of 
this gene with the long arm of the acrocentric chromo- 
some. Cytological behavior, morphological character- 
istics, fertility, and transmission in the acrotrisomic 1L is 
are also reported. 
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Introduction 

The seven cytogenetic linkage groups of barley have 
been established by primary trisomic analysis (Tsuchiya 
1961) and translocation analysis (K.ramer and Blander 
1961). New genes are still being assigned to the respec- 
tive barley chromosomes by means of primary trisomic 
analysis (Gardenhire etal. 1973; Seip and Tsuchiya 
1979; Shahla and Tsuchiya 1980; Tsuchiya 1983) and 
translocation analysis (Tuleen 1971). 

The use of  telotrisomics for genetic and linkage stud- 
ies in barley contributed considerably to definite locali- 
zation of the centromere on the genetic linkage maps of 
all seven chromosomes, and a number of  changes were 
made in the arm location of marker genes (Fedak et al. 
1972; Singh and Tsuchiya 1982b; Shahla and Tsuchiya, 
unpublished; Tsuchiya 1972 a, b, 1984, 1986; Tsuchiya and 
Singh 1982). With the use of multiple marker stocks in 
telotrisomic analysis, centromere position and gene se- 
quence on the linkage map could be determined 
(Khush and Rick 1968 a). 

Physical localization of genes in the chromosome 
maps of barley started only recently. With the use Of 
new trisomic types in which the extra chromosome is 
deficient for some segments in one arm or both arms, 
and marker genes with known arm location on the Cor- 
responding normal chromosome, the physical position 
of genes in chromosome maps have been determined 
(Shahla and Tsuchiya 1986; Tsuchiya et al. 1984, 1986). 

qhe Giemsa banding technique (Linde-Laursen 
1978a, b; Noda and Kasha 1978; Singh and Tsuchiya 
1982 a, b) facilitated the identification of all barley chro- 
mosomes, 1 through 7. Trisomics carrying an extra chro- 
mosome with deficient arm (telocentrics) or deficient 
segments (acrocentrics) may be identified by this tech- 
nique because it shows the type of deficiency of the ex- 



tra ch romosome  (Shahla  an d  Tsuchiya 1986; Singh and  
Tsuchiya 1982b; Tsuchiya  et al. 1984). 

This paper  reports the results o f  cytogenet ic  studies 
on  l inkage m a p p i n g  in ch romosome  1 in barley.  Telotri-  
somic analysis  for the long a n d  short  a rm (1L, 1S) with 
several marke r  genes followed by conven t iona l  l inkage 
tests in BC1 genera t ions  with one  mul t ip le  marke r  stock 
for each a rm c o m p l e m e n t e d  one ano the r  in  provid ing  
in fo rmat ion  on the a rm location,  sequence,  a n d  dis tance 
in some cases of  the marke r  genes in l inkage m a p  of  
ch romosome  1. Acrotr isomic  analysis  accompan ied  with 
both of  a b o v e - m e n t i o n e d  me thods  served as a mode l  
for physical  l inkage m a p p i n g  in barley.  Also inc luded  
are the results o f  a detai led s tudy of  the acrotr isomic 
plants  for the ch romosome  1 (Triplo 1LlS). 

Materials and methods 

Two telotrisomics (Triplo 1L, 1 S) and one acrotrisomic (Triplo 
1L is) were used in the present study. All three lines were in the 
genetic background of "Shin Ebisu 16" (SE 16), a two-rowed, 
spring type cultivar (Singh and Tsuchiya 1977; Tsuchiya 1979). 
Table 1 shows the list of genes known to be located on chromo- 
some 1 and used in this study (Tsuchiya 1984). For the analysis 
of the albino gene (ac2) a balanced lethal stock (Ramage and 
Tuleen 1964) was used. Two multiple marker stocks (fS-lk2-n, 
and br-f~-gs3) were used in this experiment. Three-point tests 
were conducted with both multiple marker stocks. 

Trisomics as the female parent were crossed with the mu- 
tant stocks, including multiple genetic markers, as the male 
parent. Somatic chromosome numbers were counted in root tip 
cells of F1 hybrids of modified squash technique (Tsuchiya 
1971). Trisomics, together with diploid sibs, were transplanted 
to 15 cm pots. F2 seeds from each trisomic F1 plant were har- 
vested and threshed separately. The chromosome numbers of 
all F2 plants were counted in root tip cells which facilitated the 
separation of disomics, telotrisomics, acrotrisomics, and other 
chromosomal types. Segregation ratios were observed and cal- 
culated for trisomic and disomic portions separately in the F~ 
populations. 

The theoretical segregation ratios in acrotrisomic analysis 
(Tsuchiya et al. 1984) are the same as those for telotrisomic 
analysis (Reeves et al. 1968). I fa  gene is not located on the ex- 
tra arm of the telotrisomic or the extra acrocentric chromo- 
some, a disomic ratio of 3 : 1 is obtained for both disomic and 
trisomic portions and the entire F2. This is known as a noncriti- 
cal combination. In a critial combination in which the gene un- 
der study is located on the extra arm or on the extra acrocen- 
tric chromosome, no recessive homozygotes are obtained in the 
trisomic portion and a trisomic ratio of 3 : 1 : 4 : 0 is observed, 
provided that the gene(s) is close to the centromere and no 
crossing over occurs between the gene(s) and centromere. The 
overall segregation ratio, with a 50% female transmission rate 
of the extra chromosome, would be 7 : 1, and 5 : 1 when the fe- 
male transmission rate approaches 33%. If the gene is far 
enough from the centromere to allow maximum crossing over 
between the centromere and the gene, a 283 : 5 or 56.6 : 1 ratio 
would be obtained in the trisomic portion, and a 238:50 or 
4.76:1 ratio in the disomic portion (Tsuchiya et al. 1984). 
When recessive homozygotes are obtained in the trisomic por- 
tion as a result of random chromatid crossing over, fewer 
homozygous recessives will be recovered in the disomic por- 

Table 1. List of genetic stocks used in this experiment 

Gene Phenotype Arm 
symbol location 

f5 chlorina 5 1S 
br brachytic 1S 
f~ chlorina 1S 
gs3 glossy sheath 3 1S 
ac2 albino seedling 1S 
J8 chlorina 8 1S 
lk2 short awn 2 1L 
n naked (hulless) caryopsis 1L 

tion. By telotrisomic analysis with the use of a stock for mul- 
tiple marker genes located in the same arm, the observed 
segregation ratio in the F2 disomic portion will determine the 
sequence of the marker genes; the one with a greater number 
of recessive homozygotes in the disomic portion and a lower 
number of homozygous recessives in the telotrisomic section 
must, therefore, be closer to the centromere, and vice-versa. 

In order to identify the break points in the acrocentric 
chromosome, the combination of acetocarmine-Giemsa stain- 
ing technique for the same cells (Singh and Tsuchiya 1982a) 
was used. 

Meiotic behavior of the acrocentric chromosome has also 
been studied with the acetocarmine squash technique pro- 
posed by Tsuchiya ( 1971). 

Morphological measurements of various plant organs were 
made to compare the acrotrisomic plant with other available 
trisomic types for chromosome 1 and diploid control. All plants 
were grown under the same conditions in the greenhouse. Pol- 
len grains filled with cytoplasm with two well-developed sperm 
nuclei and one round vegetative nucleus were considered as 
normal functional pollen grains (Kihara 1937). Seed fertility 
and transmission of the acrocentric chromosome were also 
studied. 

Results 

Genetic studies 

1 Telotrisomic analysis. A total o f  eight genet ic  markers  
in first l inkage group were s tudied with Triplo 1L and  
1S (Table 2). Genes  br, f~, and  gs3 showed a t r isomic 
ratio with Triplo 1S, indica t ing  that  these genes are on  
the short arm of  ch romosome  1. The presence of  two 
and  three homozygous  recessives in the tr isomic por t ion  
(209 plants)  for br, gs3, and  f~, respectively, as a result 
o f  r a n d o m  chromat id  crossing over, suggested that  all 
three genes are located far from the centromere.  Be- 
cause the three genes are very closely l inked,  the fre- 
quency  of  crossing over was very low be tween  all three 
genes. However,  in the diploid por t ion  a smal ler  n u m -  
ber  of  recessives was recovered for br (50) than  f~ and  
gs3 (55), indica t ing  the locus for br is more  distal thanf~  
and  gs3. Also, with 209 plants  in the tr isomic port ion,  
the difference in n u m b e r  of  recessive homozygotes ,  
three for fc and  two for gs3, would  be enough  to con-  
clude that f~ is distal to gs3. These results indicate  the 
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Table 2. Genetic segregation ratios in F2 population of crosses between telotrisomics for the short and long arm of chromosome 1 
and various marker stocks 

Telotrisomic Marker 2x 2x + 1 telo Total 
type genes 

+ a Total + a Total + a Total 

Triplo 1S br 325 50 375 207 2 209 532 52 584 
Triplo 1S fc 320 55 375 206 3 209 526 58 584 
Triplo 1S gs3 320 55 375 207 2 209 527 57 584 
Triplo 1S a~2 69 10 79 35 0 35 104 10 114 
Triplo 1S f5 86 20 106 56 1 57 142 21 163 
Triplo 1S f8 63 6 69 42 0 42 105 6 111 
Triplo 1L /8  93 16 109 55 9 64 148 25 173 
Triplo 1L lk2 97 12 109 60 1 61 157 13 170 
Triplo 1L n 98 11 109 61 0 61 159 11 170 
Triplo 1L ac2 67 10 77 37 2 39 104 12 116 

Table 3. Segregation ratios ofbr, fc, gs3 andfS, n, lk2 in BC~ 
generation 

Type of + + +/brfc gs3 + + +/ f8  n lk2 
segregation 

Parental + + + 204 + + + 49 
type brf~gs3 192 f 8 n  lk2 51 

Sin.gles, + fc gs3 13 + n lk2 6 
region I br + + 9 f 8  + + 6 

Singles + + gs3 3 + + lk2 4 
region II br f~ + 5 f 8  n + 3 

Doubles + f~ + 1 + n + 1 
regions I, II br + gs3 0 f 8  + lk2 0 

Total 427 120 

Table 4. Genetic segregation ratios in F2 generation of crosses 
between acrotrisomic 1L is and various genetic stocks 

Gene 2x 2x + 1 acro Total 
tested 

+ a Total + a Total + a Total 

f5(1S) 51 17 68 27 10 37 78 27 105 
fSa(1S) 120 37 157 86 21 107 206 58 264 
lk2a(1L) 132 29 161 99 7 106 231 36 267 
na(1L) 134 27 161 100 0 100 234 27 261 

Includes data from Tsuchiya and Fujigaki 1981 

order  of  these three genes, br, fc and gs3 is gs3-fc-br with 
gs3 closest to the centromere.  

Gene ac2 was studied with both arms o f  chromo- 
some 1. A trisomic ratio was obta ined  with Triplo 1S 
with no homozygous recessives in the trisomic por t ion 
(35 plants). Al though the segregation ratio with Triplo 
IL did not fit a disomic ratio, the presence of  two homo-  
zygous recessives out of  39 seedlings in the trisomic por-  
tion indicated that this gene is not on the long arm (1L), 
but  on the opposi te  arm (1S), and  very close to the cen- 
tromere. 

Gene f 5  showed a tr isomic ratio with Triplo 1S. The 
one homozygous recessive out of  57 trisomics, as a re- 
sult of  random chromat id  crossing over, confirmed that 
this gene is located far from the centromere in the distal 
segment. 

G e n e f 8  was tested with both Triplo 1L and IS. The 
F2 segregation ratio with Triplo 1L did not fit a 3 : 1 di- 
somic ratio, but  nine recessive homozygotes  were re- 
covered in the tr isomic por t ion indicat ing the locat ion 
of  this gene on the opposi te  arm (IS). The segregation 
ratio o f f8  with Triplo 1S was trisomic (Table 2) indicat-  
ing its association with the short arm of  chromosome 1 
(1S). 

When l k 2  and n were tested with Triplo 1L, the 
segregation ratios did  not fit a disomic ratio. In the di- 
somic port ion of  109 plants, the number  o f  recessive 
homozygotes was 12 for l k 2  and 11 for n, suggesting 
that n is distal to lk2 .  However,  in the tr isomic por t ion 
with 61 plants, one recessive homozygote  was found for 
l k 2  ( l k2  l k 2  lk2) ,  but  n homozygote  was not  recov- 
ered. This data  suggests that l k 2  is distal to n in the long 
arm, contradict ing the result in the disomic portion. 
These two genes are p robab ly  closely l inked with each 
other, and the total number  of  170 F~ plants  was not  
large enough to determine  the order  of  these two genes 
in the map. 

2 Conventional analysis. Table 3 shows segregations in 
the BC1 generat ion of  the three-point  tests per formed 
with two triple marker  stocks brfc gs3 for 1S and f 8  l k 2  
n for 1L. The results indica ted  that  gene f~ is located in 
the middle  5.4 and 2.1 map  units from genes br and gs3, 
respectively in the IS. Also, gene n is located in the 
middle  10.8 units from f8 and 6.7 map  units from l k 2  in 
1L. 

3 Acrotrisomic analysis. Two markers  on the short arm 
and two on the long arm of  chromosome one were 
analyzed with acrotrisomic 1L is with the results shown 



Fig. l a ,b .  Acetocarmine stained mitotic chromosomes of 
acrotrisomic 1L Is (a) and the same cell stained by Giemsa 
N-banding method (b). Bar represents 10 Inn 

in Table 4. Two genes in IS, f5  and f8  showed a disomic 
ratio, and a good number  of  trisomics with recessive 
phenotypes were obtained indicating that these genes 
were located in the deficient segments of  the short arm 
of  the acrocentric chromosome 1L is. 

Segregation ratio with l k2  did not fit a disomic 
ratio, but the seven homozygous recessive trisomics 
found made it too high to be considered a trisomic ratio. 
Gene n showed trisomic ratio, and no homozygous re- 
cessive trisomic was recovered in F2, indicating its lo- 
cation in the intact segment on the long arm of  the acro- 
centric chromosome. 

Cytological study o f  acrotrisomic plants, Triplo 1L is 

1 Identification o f  acrocentric chromosome. The acro- 
centric chromosome 1L is was initially tentatively identi- 
fied by its origin from the primary trisomic for chromo- 
some 1 (Tsuchiya 1979), and the morphological simi- 
larities of  the acrotrisomic plant with the primary tri- 
somic (Triplo 1) and telotrisomic for 1L (Triplo 1L). No 
visible similarities could be detected between the extra 
acrocentric chromosome and the other normal chromo- 
somes by karyotype analysis. The total chromosome 
length was much shorter (47.5%) than the normal chro- 
mosome 1. Giemsa banding technique in combination 
with acetocarmine staining in the same cell has shown 
that the long arm of  normal  chromosome 1 (1L) has a 
dark centromeric band, and the short arm (1S) has a 

Fig. 2a-h. Meiosis in acrotrisomic 1L is. a-b Diakinesis; e - f  
Metaphase I; g-h Anaphase I. a-b lin+6H, c - d  lm+6n with 
rod-shaped trivalent, e l i i i+6i i  with V-shaped trivalent, f 
7n+ 11. g 8-7 chromosome separation, h 7-1-7 chromosome 
separation; acrocentric chromosome as a laggard (arrow). Ar- 
rows indicate acrocentric chromosomes. Bar represents 10 pan 

dark centromeric band and two less dark intercalary 
bands (Singh and Tsuchiya 1982b). The acrocentric 
chromosome 1L Is exhibits only one centromeric band in 
the short arm (Fig. 1). This result suggests that de- 
ficiencies occurred in the distal segment of  the short 
arm and proximal segment of  the long arm. The centro- 
mere seems to be intact. Measurements showed that the 
long arm (1L) and the short arm (1S) had deficiencies of  
37.5% and 73%, respectively. 

2 Chromosome behavior o f  acrosome 1L is in meiosis. 
The behavior of  the acrocentric chromosome was stud- 
ied at different stages of  meiotic division. Overall chro- 
mosome behavior at meiosis in acrotrisomic for 1L 's 



Table 5. Measurements of various plant parts of Triplo 1, Triplo 1L Is, Triplo 1L, Triplo 1S and the diploid control 

Triplo 1 Triplo 1L is Triplo 1L Triplo 1S Diploid 

Culm length (cm) 52.0 55.0 46.0 74.0 80.4 
Leaf length (cm) 23.0 20.2 22.0 29.0 23.1 
Leaf width (mm) 10.0 10.0 11.0 15.0 14.8 
Flag leaf length (cm) 32.8 31.0 34.0 33.0 33.4 
Flag leaf width (mm) 9.8 9.8 9.9 16.2 18.4 
Spike length (cm) 6.4 6.7 5.9 9.0 7.8 
Awn length (cm) 15.0 14.0 15.0 22.0 16.8 
No. spikelets/spike 20.2 21.0 19.0 29.0 28.8 
Glume awn length (mm) 8.7 8.8 8.9 9.0 8.4 
Rachilla length (mm) 5.3 5.7 5.4 5.5 5.2 

was similar to that of Triplo 1L (Singh and Tsuchiya 
1981). At diakinesis and metaphase I (MI) the acrocen- 
tric chromosome was present either in association with 
its normal homologues, giving l m +  6n (Fig. 2 a-e) ,  or as 
a univalent, forming 7n+ li configuration (Fig. 2t). The 
frequency of the l m +  61i was 76% at diakinesis and 71% 
at MI. Different trivalent types were observed at both 
stages. At MI, tandem V-shaped trivalents (Fig. 2e) 
were predominant with an average frequency of 57.1% 
of the sporocytes with trivalent. Ring-and-rod trivalents 
were next with an average of 23.7%, followed by rod- 
shaped (Fig. 2c, d) with the frequency of 19.2% of tri- 
valents. 

At anaphase I (AI), 73.7% of the sporocytes showed 
8-7 chromosome separation (Fig. 2g). In 22.2% of 
sporocytes the acrocentric chromosome did not move to 
either pole and remained as a laggard at the equatorial 
plate, giving 7-1-7 chromosome separation (Fig. 2h), 
Sometimes at late AI, the lagging chromosome divided 
giving 8-8 separation; 4.1% of cells were observed with 
this type of chromosome separation. At telophase I (TI) 
and interkinesis, normal separation was observed in 
75.2% of the cells, whereas one laggard (dyad) was 
found in 19.6% and two laggards (monads) in 5.2% of 
the sporocytes. At AII and TII, 72.1% of the cells 
showed normal separation without laggard, and 27.9% 
of the sporocytes showed one or two laggards in each 
daughter cell. At the quartet stage, the frequency of 
microspores with no micronucleus was 88.3%, and 
11.7% had one micronucleus or two micronuclei. 

Morphological characteristics of  acrotrisomic plants 

Morphology of acrotrisomic 1L 's plants was compared 
with Triplo 1, Triplo 1L, Triplo IS, and the diploid con- 
trol (Table 5). Gross morphological features of the 
plants with an extra acrocentric chromosome 1L is re- 
sembled primary trisomic (Triplo 1), and telotrisomic 
for the long arm of chromosome 1 (Triplo 1L). The 
seedling leaves were short, narrow, dark blue-green in 
color, and very slightly twisted. Onion-like fused leaves 
were common, as in Triplo 1 and Triplo IL. Plants were 

bushy, and dwarfed with many tillers. The development 
of the root system was very rapid with abundant roots. 
Culms were short and thin; the spikes were longer than 
Triplo 1 and Triplo 1L but shorter than Triplo 1S and 
diploids. Awns were shorter than Triplo 1, Triplo 1L, 
Triplo 1S and the diploid. Toward maturity the acrotri- 
somic 1L Is plant seemed to be more vigorous than both 
Triplo 1 and Triplo 1L. Measurements of various organs 
of the acrotrisomic plants showed that most of the plant 
parts were smaller than those in Triplo 1S and the dip- 
loid (Table 5). 

Fertility and transmission in acrotrisomic plants 

In the acrotrisomic 1L is the frequency of normal pollen 
grains was 79.2%. 

The average seed fertility in the selfed spikes was 
92.4%. When the acrotrisomic 1L is plant was used as the 
female in crosses with the diploid, the average seed set 
was 71.2%. 

The overall average transmission rate of the acro- 
centric chromosome was 32.2% in the selfed popula- 
tions, and 25.4% when crossed with diploid males (fe- 
male transmission). The male transmission was not 
studied. 

Discussion 

Telotrisomic analysis is useful in associating genes with 
chromosome arms and locating the centromere position 
in the genetic linkage maps as shown by Khush and 
Rick (1968 a) in tomato and Tsuchiya and Singh (1982) 
in barley. With the use of multiple marker stocks gene 
sequence on the linkage map can be precisely deter- 
mined, as shown in tomato (Khush and Rick 1968a). 
However, use of multiple genetic stocks in telotrisomic 
analysis to study the order of genes in the chromosome 
arm does not always give satisfactory results. When the 
genes under study are very tightly linked, even analyz- 
ing a large number of  plants in the Fz generation may 
not give conclusive result. An example is the use of the 
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Fig. 3a, b. Comparison of a segment of linkage map in the 
short arm of chromosome 1. a Map presented by Takahashi 
and Fukuyama (1977). b Map developed by the present 
authors based on this experiment (Table 3), showing the 
change of gene orientation and map distances among three 
genes, gs3, fi, and br 

multiple marker stock br, fc, gs3 in telotrisomic analysis 
for the short arm of chromosome 1 (1S). When 252 F2 
plants were analyzed, the segregation ratio was the 
same in both disomic and trisomic portions for all three 
genes, br, f~ and gs3 (Shahla 1980). However, when 584 
F2 plants were studied, the results became almost con- 
clusive. In disomic portion with 375 plants the result is 
unquestionably obvious that br is distal to f~ and gs3 
(Table 2). In trisomic portion with 209 plants, the result 
seems to be conclusive that f~ is distal to gs3. Thus, the 
order of genes in the map of 1S would be centromere - 
gs3-fi-br. This conclusion is in agreement with the result 
of conventional analysis with 427 BC1 population for 
these three genes (Table 3). 

However, this result is in conflict with the map pre- 
sented by Takahashi and Fukuyama (1977) as shown in 
Figure 3. Takahashi and Fukuyama (lc) gave 8.0% 
crossover value between gs3 and br (Fig. 3 a), which is 
not much different from the present result of 7.5% 
(Table 3; Fig. 3b). The distance between fc and gs3 is 
2.0 by Takahashi and Fukuyama (Fig. 3 a) and 2.1 in 
the present experiment (Table 3, Fig. 3 b). Iff~ is moved 
distal to gs3 with 2.0% crossover value in the map 
(Fig. 3a) of Takahashi and Fukuyama (lc), the map 
agrees with the present result (Fig. 3 b). Takahashi and 
Fukuyama (lc) may not have conducted three-point test 
with multiple marker stock but calculated from two or 
more two-point tests. It is, therefore, safe to conclude 
that the result obtained from this experiment (Table 3, 
Fig. 3 b) may be more reliable. 

Another triple recessive J8-1k2-n was studied with 
Triplo 1L. The gene f8  showed a trisomic ratio with 
Triplo 1S, indicating that this gene is located in the 
short arm (Table 2) of chromosome 1 in contrast with 
previous results (Tsuchiya 1972a) which suggest f8  
being located in 1L. Results from telotrisomic study 
with lk2 and n confirmed the position of both genes on 
the long arm (1L). However, the order of lk2 and n in 
1L is questionable since the segregation results in di- 
somic and trisomic portion are in conflict (Table 2). The 

result from a three-point test with f8  lk2 n showed that 
the distance between n and lk2 is 6.7 map units. 

In linkage studies with telotrisomics, the Chi-square 
values calculated for the total population did not always 
fit a disomic 3:1 ratio, even in a non-critical combi- 
nation. However, the segregation of appreciable num- 
ber of recessive homozygotes in trisomic portion is an 
indication of unquestionable disomic ratio. The result 
obtained for genef8 with Triplo 1L was such a case. Al- 
so, it is important to use telotrisomics for both arms of 
each chromosome to obtain definite information on the 
gene-chromosome-arm association. When a 3  was stud- 
ied with both Triplo 1L and 1S the segregation ratio 
with Triplo 1L was not disomic, but the 2 homozygous 
recessives in the trisomic portion with 39 plants was an 
indication that this gene is not on the long arm (1L). 
The result with Triplo 1S left no doubt that at2 is locat- 
ed on the short arm (1S). 

It should be pointed out that telotrisomic analysis is 
not always useful for exact mapping of gene loci. The 
frequency of disomic and trisomic plants with recessive 
phenotype gives only an approximate indication of the 
crossover frequency between the centromere and the 
marker loci. In cytogenetic linkage mapping it is highly 
desirable to find the direct relationship between genes 
and specific chromosome segments. Use of various 
structural changes (such as translocations, deficiencies 
or inversions) are successfully applied for some organ- 
isms with readily analyzable pachytene chromosomes 
which provide fairly accurate information on the break 
points of the changed chromosome(s). Use of structural 
changes have been successful in Drosophila (Roberts 
1976), maize (McClintock 1941; Rhoades 1955), and 
tomato (Khush and Rick t968b), in which salivary 
chromosomes or pachytene chromosomes are readily 
analyzed. Barley chromosomes are not suitable for 
pachytene analysis (Sarvella etal. 1958; MacDonald 
1961; Singh and Tsuchiya 1975). Therefore, because of 
the uncertainty of break points due to the lack of good 
pachytene chromosomes, the information obtained 
from the translocation method for linkage mapping of 
genes in barley is not always accurate (Persson 
1969a, b; Tsuchiya 1972c, 1983, 1986). 

Use of trisomic material such as acrotrisomics, in 
which the extra chromosome has a deficiency or de- 
ficiencies for segments of chromosome arms, appears to 
be useful in determining the physical position of genes 
and delimiting the genes to small sections in each arm. 
This method facilitates improvement of linkage maps of 
barley and also could be used for other materials in 
which pachytene analysis is not possible. This method is 
useful, however, only when the arm assignment of genes 
and definite centromere position in the linkage maps 
are known (Shahla and Tsuchiya 1986; Tsuchiya 1983, 
1986; Tsuchiya et al. 1984, 1986). 



11 

One important problem associated with this method 
is the determination of the nature of breakage in a de- 
ficient extra chromosome. According to Muller (1940), 
all breakage should be considered to be two breaks with 
the original telomere intact, giving an intercalary de- 
ficiency. In this case, it is extremely difficult to de- 
termine the exact break points without pachytene 
analysis. In maize, McClintock (1941) reported that a 
chromosome broken at meiotic anaphase may sub- 
sequently undergo a series of fusion and breaks during 
mitosis in the gametophyte and endosperm. When a 
broken chromosome passes to sporophytic tissue, how- 
ever, the broken end appears to heal. I f  this applies to 
barley chromosomes, the extra deficient chromosomes 
could be induced by a single break and the telomere 
concept could be ignored. By using the combined aceto- 
carmine-Giemsa staining method (Singh and Tsuchiya 
1982a), the extra acrocentric chromosome can be accu- 
rately identified and measured. This technique was ap- 
plied to acrotrisomics 3L 3s, 4L 4s (Tsuchiya et al. 1984) 
and 5S 5L (Shahla and Tsuchiya 1986) and others 
(Tsuchiya et al. 1986). For example, the data showed 
that 3L 3s had a deficiency only in the short arm, while 
4L as had deficiencies in both arms whose proximal 
heterochromatic bands were intact and distal segments 
were deficient, and in 5S 5L only the long arm had a de- 
ficiency for the distal segment. However, in acrocentric 
chromosome 1L is, there seems to be more than one 
break in the long arm. 

Results from Giemsa stained chromosomes revealed 
that 1L has lost a total of 37.5% of its proximal and 
possibly part of its distal segment, and no centromeric 
band is visible. The short arm (IS) has 73% deficiency 
and the remaining segment carries only the centromeric 
band and some euchromatic segment (Fig. 1). Genetic 
analysis with this acrotrisomic may be useful in de- 
termining the break point. In this and other exper- 
iments (Tsuchiya et al. 1984, 1986) all 6 genes (at2, fS, 
fc, f5, br, gs3) located on the short arm (IS) showed a 
disomic ratio with acrotrisomic 1L is. Therefore, the 
short arm of acrocentric chromosome 1L is is not carry- 
ing any of them. Similarily, lk2 on the long arm (1L) 
showed a disomic ratio but n showed a trisomic ratio 
(Table 4). In the linkage map of chromosome 1, lk2 is 
located in the distal segment of  1L. Since n is located on 
the long arm of the acrocentric chromosome, this result 
may suggest that this arm has deficiencies for both 
proximal and distal segments of the long arm (1L), and 
were induced as a result of three breaks. Additional ge- 
netic information is needed, however, to support this in- 
terpretation. 

It was important to study the behavior of the extra 
acrocentric chromosome in different stages of  meiotic 
division. At diakinesis, the acrocentric chromosome 
formed trivalent with its two normal homologues in 76% 

of the sporocytes, which was lower than Triplo 1 (82%), 
Triplo 1L (80%) and Triplo 1S (80%) (Singh and 
Tsuchiya 1981). These results indicated that because of 
deficiencies on both arms, the acrocentric chromosome 
has less physical opportunity for association with its 
normal homologues. 

Compared with diploid and Triplo IS, acrotrisomic 
plants showed a reduction in vigor and seed fertility. 
Morphologically, acrotrisomic 1L is resembled primary 
trisomic (Triplo 1 or Bush) and telotrisomic for the long 
arm of chromosome 1 (Triplo IL). This indicates that 
the acrocentric chromosome 1L ~s has almost the same 
effect on plant morphology as the complete chromo- 
some. But the acrotrisomic plant seemed to be more 
vigorous than Triplo 1 and Triplo 1L toward maturity. 
Therefore, it is obvious that 62.5% of the long arm of 
chromosome 1 carries the genetic elements which con- 
trol the morphological characteristics of  primary tri- 
somic 1 and telotrisomic 1L. 

Pollen fertility of acrotrisomic 1L m was fairly good 
(79.2%), but lower than Triplo 1L (86.5%) and Triplo 1S 
(93.1%) (Singh and Tsuchiya 1977). The transmission 
rate of the acrocentric chromosome was studied only 
through the female and in the selfed F2 population in 
which 2 plants with 2n=  16= 14+2 acro 1L is were re- 
covered. Both plants showed extremely narrow leaves 
and bushy characters and died at an early stage of 
growth. 

For further improvement of the linkage maps, es- 
pecially for physical localization of genes in the maps, 
more acrotrisomic or fragment trisomic types with dif- 
ferent break points will be necessary. Obviously, con- 
ventional linkage analysis with the use of multiple genetic 
marker stocks in each arm is essential for establishment 
of accurate gene orientation in each chromosome arm. 
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