
Chromosome Research 1996, 4, 195-200 

Painting rye B chromosomes in wheat" interphase chromatin organization, 
nuclear disposition and association in plants with two, three or four Bs 
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The B chromosomes (Bs) of rye (Secale cereale) have 
been studied at interphase in terms of their chromatin 
organization, patterns of nuclear disposition and phy- 
sical association in plants with two, three, and four Bs. 
The study was made in the Lindstr6m strain of hex- 
aploid wheat, which carries the rye Bs as an addition 
line, by in situ hybridization with a B-specific probe 
and by genomic in situ hybridization (GISH) with rye 
genomic DNA, enabling whole chromosome painting. 
Repetitive sequences common to the As and Bs of rye 
allow for visualization of the rye B at interphase in the 
wheat background. A B-specific probe enables the 
orientation of two or more Bs to be determined, and 
the combination of both probes used together gives 
information on the disposition of the Bs and on their 
patterns of physical association within the nucleus. 
The Bs form linear 'strings', and the ends of their long 
arms, which can be detected by the B-specific probe, 
are usually located within the hemisphere of the nu- 
cleus that has the least condensed chromatin. There is 
dose-dependent association, and even numbers (2B, 
4B) have a greater preference for association than odd 
ones (3B). 
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I n t r o d u c t i o n  

The B chromosome (B) of rye (Secale cereale) has been 
known for more than 60 years (Gotoh 1924). A wealth of 
knowledge now exists about  its occurrence in popula-  
tions, its t ransmission properties, phenotypic effects, 
structure and organization, and its role in the genetic 
system. The literature up to 1992 has been reviewed by 
Jones & Puertas (1993), and some addit ional  recent 
information, together with a general review of Bs in 
plants, is also given by Jones (1996). The overview is 
that the rye B is a selfish chromosome mainta ined  by 
mitotic drive, and that it can be looked upon  as having 
a host-parasite interaction with the A chromosome set. 
Research growth points are focused on transmission 
genotypes, to try to interpret the variation found in 

t ransmission rates of the Bs in crosses involving dif- 
ferent A genotypes, and on its molecular aspect in terms 
of sequence organizat ion and expression (Wilkes et al. 
1995). The molecular analysis has thus far uncovered 
some B-specific as well as some shared A/B repetitive 
sequences, and there is also work to indicate that the B 
may affect the activity of the rDNA loci of the A 
chromosomes by modifying their pat tern of condensa- 
tion (Delgado et al. 1995). The present work is a further 
contr ibut ion towards our unders tand ing  of the se- 
quence organizat ion and expression of the B of S. 
cereale. We have taken advantage  of the Lindstr6m 
strain of wheat (Lindstr6m 1965), which carries rye 
Bs in a wheat background,  to visualize the interphase 
disposit ion and organizat ion of the rye Bs by in situ 
hybridizat ion and  by genomic in situ hybridizat ion 
(GISH). Rye Bs have repetitive sequences in common 
with the As, so whole genome DNA of rye can be used 
to paint  the Bs and to dis t inguish them from the wheat 
interphase chromatin. A B-specific probe for a sequence 
at the distal end of the long arm can also be used to see 
the interphase orientation. Distinct levels of B chromo- 
some effects in several endo- or exophenotypic char- 
acteristics have been correlated with the presence of 
odd or even B numbers  (Jones & Rees, 1982). The 
hypothesis that differential phenotypic effects of odd 
and even Bs could be related to modified patterns of Bs' 
association or organizat ion dur ing  interphase (Jones & 
Rees 1969) is supported by the results of the present 
work. As most B effects are normal ly  detected in dif- 
ferentiated cells, a comparat ive s tudy of the disposit ion 
and organizat ion of Bs in interphase was performed 
both in meristematic root-tip cells as well as in cells 
from the elongating region. 

Materials and methods 

Plant material 
Seeds of Triticum aestivum cv Lindstr6m were germinated on 
moist filter paper at 24~ and were then treated to synchronize 
cell division (Delgado et al. 1995). Root tips from each seedling 
were excised and fixed in 3:1 (v/v) absolute ethanol-glacial 
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acetic acid for the analysis of interphase cells or pretreated 
with ice-cold water for at least 24 h to induce c-metaphases, 
and then fixed. Spreads were made according to Schwarzacher 
et al. (1989). For the isolation of nuclei from the elongating 

region of the root a 2-5 cm segment adjacent to the meriste- 
matic region was used and in this case the tissue was me- 
chanically disrupted after enzymatic digestion on a glass slide 
to improve isolation. 
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In situ hybridization 
Total genomic DNA was isolated from leaves of Secale cereale 
cv. Centeio do Alto following a procedure from Coen & 
Carpenter (1986). The isolated DNA was sonicated to 10- 
12 kb fragments and labelled with digoxigenin-11-dUTP 
(Boehringer Mannheim) by nick translation to use as an in 
situ hybridization probe, and was detected by fluoresceinated 
(FITC) anti-digoxigenin (Boehringer Mannheim). Total geno- 
mic DNA from Triticim aestivum cv. Chinese Spring was pre- 
pared to use as blocking DNA as described by Anamthawat- 
J6nsson et al. (1990). The in situ hybridization and detection 
procedures were adopted from Leitch et al. (1991). Dl100 
probe, kindly supplied by Dr John Forster, University of 
Wales, Aberystwyth, Institute of Biological Sciences, is a 
cloned EcoRI fragment derived from a 1.1-kb clone (Sandery 
et al. 1990). This probe belongs to a family of highly repeated 
sequences, which in rye only hybridizes with the distal chro- 
matin of the long arm of the B (Blunden et al. 1993). The probe 
was labelled with biotin-ll-dUTP (Sigma) by nick translation 
and detected with streptavid{n-Cy3 conjugate. DNA was 
counterstained with DAPI in antifade (AF-2, Citifluor Ltd). 
Interphase and metaphase analyses were performed with an 
epifluorescence microscope. 

Resul ts  

The number  of Bs present in each plant  was determined 
in c-metaphases, by double in si tu hybridizat ion using 
total genomic rye DNA simultaneously with the Dl100 
B-specific probe. Three classes of plants were selected, 
2B, 3B and 4B. Painting the Bs in this way allows their 
clear identification in metaphase cells (Figure 1). The 
Dl100 probe hybridizes with the distal region of the 
long arm of the Bs (Figure lc). The hybridizat ion pat- 
tern of this probe was consistent in all metaphase Bs 
analysed, showing a small gap of lower fluorescence 
between two regions of intense fluorescence. Rye geno- 
mic DNA hybridizat ion reveals the total length of the 
metaphase B apart from the terminal heterochromatic 
region (Figure lb). In interphase cells the s imultaneous 
use of the two probes in interphase nuclei allowed for 
visualization of whole Bs as well as for their patterns of 
organization. The analysis of interphase was only per- 
formed on individual  nuclei from root tips where the 
nuclear structure was well preserved, and where it was 
possible to dist inguish the max imum number  of Bs by 
both probes. 

I n t e r p h a s e  r ye  B c h r o m o s o m e  d i s p o s i t i o n  

Interphase B-chromatin organization 
Interphase B chromosomes show a consistent pattern of 
organizat ion of their chromatin in a linear and string- 
like form (Figure 2). The pattern of Dl100 label shows 
most of the Bs having the signal restricted to a small 
region, and in some cases a region of decondensed label 
was also observed. When the signal was dispersed the 
level of condensat ion of this region was not constant, 
and different lengths of interphase chromatin could be 
seen (Figure 2c). In some Bs, in fact, the Dl100 label is so 
dispersed that it corresponds to about  one-third of the B 
interphase length, in contrast with the small fraction 
that it occupies when  condensed. This variable pattern 
of chromatin condensat ion revealed by the Dl100 probe 
is not a characteristic of particular nuclei however, as Bs 
with dispersed or condensed label were detected within 
the same nucleus; and neither is it reflected at meta- 
phase where the same pat tern is found in all Bs. When 
the Dl100 label shows a big dispersion it is possible to 
observe two regions of high fluorescence with a gap of 
lower intensi ty between them (Figure 2c) as can also be 
seen in metaphase. Individual  chromatids of the Bs 
could not be seen in any of the interphase nuclei from 
the meristematic cells, and a similar pat tern of the label 
was observed in nuclei from cells of both the meriste- 
matic and the elongation region. 

Interphase B-nuclear disposition 
In interphase nuclei DAPI staining distinguishes two 
regions of differential chromatin concentration. The 
Dl100 probe is generally located in the area of lower 
chromatin concentrat ion at the periphery of the nu-  
cleus, with the rest of the B extending towards the area 
of higher chromatin concentration. In order to s tudy the 
way in which the Bs are disposed within the nucleus, in 
all three B-classes of plants, the nuclei were classified in 
terms of the relative orientat ion of the Bs. The use of 
two probes, to delineate the whole B as well as to locate 
a specific region at one end, allows us to visualize how 
the interphase Bs are oriented when  more than one is 
present. Two or more Bs were considered as co-oriented 
when the Dl100 label was posit ioned in the same 
direction, in relation to the disposit ion of the whole 
B within  the nucleus, whereas Bs with their Dl l00  
signals in opposite posi t ioning were considered as 

Figure 1. Metaphase root-tip cell of Lindstr6m wheat with two B chromosomes, a DAPI staining for DNA. b & c 
Simultaneous in situ hybridization with a digoxigenin-labelled rye total genomic DNA probe detected with anti-digoxigenin 
FITC conjugate (green), which reveals the entire rye B chromosome apart from the distal region of the long arm (b); and a 
rye B-specific DNA Dl100 probe labelled with biotin and detected with streptavidin-Cy3 conjugate (red), which labels the 
terminal region of the long arm (c). Bar = 10 ,um. 

Figure 2. Interphase root-tip nucleus of Lindstr6m wheat with 4 B chromosomes, a DAPI staining for DNA. b & c 
Simultaneous in situ hybridization with a digoxigenin-labelled rye total genomic DNA probe detected with anti-digoxigenin 
FITC conjugate (green), showing interphase rye B chromosomes in a string-like form (b) and a rye B specific DNA 1100 
probe labelled with biotin and detected with streptavidin-Cy3 conjugate (red), revealing different levels of chromatin 
condensation and the typical pattern of Dl100 label with a gap of lower fluorescence between two strongly labelled regions 
(arrow) (c). Bar = 10/~m. 
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Table  1 Frequencies of 
and 4 B chromosomes 

nuclei with different patterns of B orientation in plants of Lindstr0m wheat with 2, 3 

Percentage of nuclei with all Bs Percentage of nuclei with Total number of nuclei analysed 
co-oriented non-co-oriented Bs 

93 7 151 

2Bs 

3Bs 

4Bs 

� 9  Q 
84 16 

(I)@ G 
81 19 

G |  0 

78 

132 

In the nuclei diagrams each B chromosome is represented by a line corresponding to the rye genomic DNA label and a dot that i'ndicates 
the Dl100 label. The nuclei diagrams shown are the most representative of each class. 

non-co-oriented.  The data on patterns of B-orientation 
for nuclei with 2, 3, and 4Bs are given in Table 1. In all of 
the plants analysed there was a high frequency (81- 
93%) of nuclei in which all of the Bs were co-oriented, 
and there was no significant difference in these values 
for plants in the three different B-classes (P < 0.01). In 
the 2B class a comparison was made of the frequency of 
co-orientation in the elongation and meristematic 
regions of the roots, and the frequency of 92% co- 
orientation in the elongating region did not vary signi- 
ficantly from that of the meristem (93%) (P < 0.01). 

Association of Bs 
The analysis given above indicates a non- random pat- 
tern of the disposit ion of the Bs within the nucleus, with 

a marked tendency for co-orientation. Besides the re- 
lative orientation of the Bs, a degree of association of 
these chromosomes was also observed,and these ob- 
servation are summarized  in Table 2. Association means 
co-oriented Bs lying parallel to one another and at a 
distance that is less than one-quarter  of the greater 
diameter of the nucleus. Co-oriented Bs lying at dis- 
tances of more than one-quarter  of the greater diameter 
of the nucleus, or being closer but  lying in opposite 
directions, are considered to be positioned indepen- 
dently, i.e. not associated. The frequency of nuclei with 
associated Bs, that is with at least two Bs associated in 
the 2B, 3B and 4B classes, are respectively 72%, 69% and 
91% (Table 2). In cells from the elongating region of the 
root tip the level of association of the 2B class (76%) was 

Table 2. tndexes of B associations in plants of Lindstr6m wheat with 2, 3 and 4 B chromosomes 

Zero One Two Three Number of 
associations association associations associations cells 

analysed 

Percentage of Mean degree Degree of 
nuclei with of association association 

associated Bs per cell per B (%) 

2Bs 42 109 

0 
3Bs 24 45 

(!) 
4Bs 12 28 

9 

Q 
25 49 18 

@ @ @ |  

151 72 0.72 72 

78 69 0.40 50 

132 91 0.58 76 

In the nuclei diagrams each B chromosome is represented by a line corresponding to the rye genomic DNA label and a dot that indicates 
the Dl100 label. The nuclei diagrams shown are the most representative of each class. 
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similar to that observed in the meris temat ic  region. It 
must  be realized however  that  these frequencies cannot  
be directly compared,  as the increase in the B number  
natural ly  al lows more oppor tuni t ies  for any two Bs 
present to associate in close proximi ty  in var ious  ways.  
In order to resolve this problem and to al low a direct 
comparison of the associat ion levels of the Bs, inde- 
pendent ly  of their number  present  we have calculated 
an index of the mean degree of association of Bs per cell. 
This index is a weighted  mean,  which varies be tween 
zero and one, zero being the complete  absence of 
association and one the maximum.  

As shown in the d iagrams of the nuclei  in Table 2, the 
number  of associations per  nuclei was scored by con- 
s idering the association between two Bs as being in- 
dependent  of any other possible associat ion of those Bs 
with any other. 

The weights were a t t r ibuted as a fraction of the 
maximum possible number  of associat ions per  geno- 
type; that is for 2B plants,  zero for no associat ion and 1 
for one association; for 3B plants,  zero for no associa- 
tion, 1/2 for one associat ion and 1 for two associations; 
for 4B plants,  zero for no association, 1/3 for one 
association, 2/3 for two associat ions and 1 for three 
associations. The degree of associat ion for the 2B class is 
therefore (109 x 1)+(42  x 0) d iv ided  by  151 =0.72; 
that for the 3B class is the weighted  mean of 
(45 x 1/2) +(9  x 1 )+(24  x 0) d iv ided  by 78=0.40  and 
the 4B is the weighted mean of (28 x 1 / 3 ) +  (74 x 2/3) 
+(18 x 1) +(12 x 0) d iv ided  by  132 = 0.58. The three 
means are significantly different from one another  
(P <0.01). 

Another  way  to express the results is in terms of the 
degree of association per B, rather  than per  cell, which 
permits  us to evaluate  the influence of different geno- 
types on the B itself (Table 2). For this purpose  the total  
number  of associated Bs is d iv ided  by  the total number  
of Bs present  in each class. In the case of 2Bs this is 
109 x 2/151 x 2=0.72;  for 3Bs it is (45 x 2 ) + ( 9  x 3) 
d iv ided  by (3 x 78)= 0.50; and for 4Bs it is (28 x 2 ) +  
(25 x 3 ) + ( 4 9  x 4 ) + ( 1 8  x 4) d iv ided  by  (132 x 4 ) =  
0.76. Expressed in this way  the dose -dependen t  asso- 
ciation behaviour  of the Bs is even more evident .  

Whichever  way  we express the data  it also clear that 
the majori ty  class of associat ion is that involving the Bs 
in pairs rather than in threes or fours (Table 2). From 
those nuclei that have associated Bs, the percentage of 
nuclei showing Bs in pairs is 100% for 2B, 83% for 3B 
and 64% for 4B. 

Discussion 

It is becoming increasingly clear that there is order  to 
the arrangement  of chromosomes  in in terphase  nuclei. 
The appl icat ion of FISH and GISH has opened  up  a new 
avenue of research, and has enabled us to discover  that 
chromosomes lie in single domains  and are not inter- 
mingled.  In humans  they occupy certain restr icted 
territories, or compar tments  (Cremer et al. 1993), 

Interphase rye B chromosome disposition 

whereas  as in p lants  the a r rangement  seems to be 
's t r ing-l ike '  wi th  threads  running  through the nucleus. 

In plants  it has been convenient  to work  with  alien 
chromosomes,  or alien segments  from translocations,  
and to discr iminate  the alien mater ia l  from the back- 
g round  of the recipient  parent  nucleus. Hexaplo id  
whea t  is the favoured  host  material .  One of the first 
s tudies of this kind was repor ted  in a review paper  on 
nuclear  architecture by  Hes lop-Har r i son  & Bennett 
(1990), who used whea t  that  inc luded two alien chro- 
mosome arms or iginat ing as a t ranslocat ion be tween 
chromosome 1 from B genome of whea t  and  1R from 
rye. The two rye arms were found to occupy two quite 
separa te  and dist inct  s tr ing-l ike l inear domains .  
Schwarzacher  et al. (1992) later s tud ied  var ious  alien 
chromosomes  and chromosome arms in wheat ,  includ-  
ing the 5AS/5RL t ranslocat ion for the two 5RL arms of 
rye. These authors  l ikewise found two separa te  and 
paral le l  domains  running  th rough  the nucleus. Recently 
Is lam-Far idi  & Mujeeb-Kazi  (1995) have worked  with  
several  rye addi t ions  and translocat ions,  most ly  at 
metaphase  of mitosis,  and  they also show one excep- 
t ional ly  clear in terphase  nucleus homoz ygous  for the 
1RS arms of rye; and this again  reveals  two paral le l  and 
dist inct  l inear domains .  The general  opinion is that 
homologues  have their  own domains ,  and  there is no 
evidence thus far from these in situ studies  in p lants  
that  points  to any somatic  in terphase  pair ing.  The 
s i tuat ion in yeast  appears  to be different. Scherthan 
et al. (1994) have per formed FISH studies  on vegeta t ive  
nuclei  of Schizosaccharomyces pombe, using cells before 
the induct ion of meiosis,  and have found that  homo-  
logues share a joint territory. 

The in terphase  organiza t ion  of the rye Bs that we 
repor t  on here has s imilar  general  features to those of 
the 5R and 1R A-chromosome arms descr ibed by  others, 
i.e. the Bs occupy dist inct  l inear and paral le l  s tr ing-l ike 
domains  running  th rough  the nucleus. No twi ths t and-  
ing the fact that  we have also been able to descr ibe the 
or ientat ion of the Bs, and the par t icular  pat terns  of 
associat ion due  to the B-specific sequence, there is no 
obvious  difference be tween the A and the B chromo- 
some in terphase  organizat ion.  

Our  mater ia l  does differ from earl ier  works,  however,  
in two major respects; firstly, it concerns d ispensable  
supe rnumera ry  B chromosomes  for which there is no 
previous  information,  and secondly  because of the very 
nature  of the Bs we have mul t ip le  copies (3B, 4B) in 
excess of 2. This po lysomy of the Bs enables us to gain 
insight into the quest ion of genetic act ivi ty in relat ion to 
in terphase  organiza t ion  and associat ion of chromo- 
somes, which is a topic of some interest  in relat ion to 
As (Heslop-Harr ison & Bennett 1990) as well  as Bs. 

The idea that  the Bs of rye may  be associated in pairs  
at in terphase  was first p roposed  by  Jones & Rees (1969), 
in order  to explain  differential  act ivi ty of Bs depend ing  
on their  presence in odd  or even numbered  combina-  
tions. The initial observat ions  for the so-called o d d -  
even effect were  made  on A chromosome behav iour  at 
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me ios i s  and  on aspec ts  of nuc lea r  phys io logy .  The  Bs 
s e e m e d  to be  less h a r m f u l  w h e n  p resen t  in e v e n  n u m -  
bers.  The  p re sen t  resul ts  p r o v i d e  s o m e  p r e l i m i n a r y  
e v i d e n c e  to sugges t  that  the Bs in rye  are  not  inde-  
p e n d e n t  at in te rphase ,  bu t  ra ther  that  they  are  co-or-  
i en ted  and  that  they  associa te  in m u c h  closer  p r o x i m i t y  
than  we  w o u l d  expec t  f rom a r a n d o m  pa t t e rn  of dis-  
t r ibut ion .  There  is no s u g g e s t i o n  of somat i c  pa i r ing ,  as 
far as we  can j udge  w i t h  this n e w  m e t h o d  of l ook ing  at 
i n t e rphase  c h r o m o s o m e s ,  bu t  c lear ly  there  is phys ica l  
p r o x i m i t y  and  para l le l  co-or ien ta t ion .  The indexes of 
mean degree of association of Bs per cell and  the degree 
of association per B that  w e  h a v e  used  also ind ica te  that  
there  are  d i f fe rences  in these  v a l u e s  in re la t ion  to o d d  
and  e v e n  n u m b e r s ,  in that  there  is a g rea te r  d e g r e e  of 
assoc ia t ion  for the  2B (0.72) and  the  4B classes (0.76) 
than  there  is for the  3B class (0.50) and ,  w i t h i n  the  
nuclei ,  w h e r e  there  is assoc ia t ion  a m a r k e d  t e n d e n c y  for 
Bs to be  assoc ia ted  in pai rs  is obse rved ,  i.e. 100% for the 
2Bs, 83% for the  3Bs and  64% for the  4Bs. W h e r e  Bs are  
assoc ia ted  they  there fore  h a v e  a p re fe rence  for be ing  in 
pairs.  The  da ta  are  p re l iminary ,  and  there  is a need  to 
look in m o r e  de ta i l  and  to use  m o r e  B classes,  bu t  thus  
far there  are  s o m e  g r o u n d s  for b e l i e v i n g  that  the  o d d -  
e v e n  effect m a y  h a v e  a basis  in the  phys ica l  o rgan iza -  
t ion of Bs in the  i n t e rphase  nucleus .  
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