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ABSTRACT 
The diploid-like chromosome pairing in  polyploid  wheat is controlled by the Phl (pairing homoeo- 

logous) gene that is located on chromosome arm 5BL. By using a combination of cytogenetic and 
molecular techniques, we report  the physical location of the Phl gene to a submicroscopic chromosome 
region (Phl  gene region) that is flanked by the breakpoints of  two deletions (5BL-1 and p h l c )  and is 
marked by a DNA probe (XksuS1). The Phl gene region is present distal to  the breakpoint of deletion 
5BL-1 but proximal to  the C-band 5BL2.1. Two  other DNA probes (Xpsr128 and Xksu75) flank the 
region-Xpsrl28 being proximal and Xksu75 being distal. The estimated size  of the region is less than 
3 Mb. The chromosome region around  the Phl gene is high in recombination as the genetic distance 
of the region between 5BL-1 breakpoint and C-band 5BL2.1 (not resolved by the microscope) is at 
least 9.3 cM. 

I N polyploid wheat, the diploid-like chromosome 
pairing mechanism is principally controlled by the 

Phl (pairing  homoeologous)  gene that is located on 
the long arm of chromosome  5B (RILEY and CHAPMAN 
1958; SEARS and OKAMOTO  1958). By telocentric or 
polymorphic  C-band analyses, the Phl gene was 
mapped at a 1-5  cM distance  from the  centromere 
(SEARS 1977; JAMPATES and DVORAK 1986). Two 
mutants  for  the Phl gene (phlb and phlc) are avail- 
able. In a  previous  paper we confirmed  the two mu- 
tants to be  interstitial  deletions (GILL and GILL 199 1). 
We also reported a DNA fragment  mapping in the 
Phl gene  deletions of the two mutants,  but  the exact 
relationship, in terms of the physical location of the 
Phl gene  and  the DNA marker, was not established. 

In  the  present study, we have  mapped the  gene  to 
a submicroscopic chromosome  region (Phl gene  re- 
gion). The region is marked by a  DNA probe 
(XksuSl), bracketed by breakpoints of two deletion 
lines (5BL-1 and phlc) and is flanked by two other 
DNA probes (Xksu75 and Xpsr128). The estimated 
size of the Phl gene  region is  less than 3 Mb. 

MATERIALS AND METHODS 

The Phl gene mutant lines: The two interstitial deletion 
mutants of the Phl gene ( p h l b  and phlc) ,  used  in the study, 
were generated independently using  X-ray irradiation 
(SEARS 1977; GIORCI and  BARBERA  1981). The  mutantphlb 
is in hexaploid wheat (Triticum aestivum L. em. Thell.) 
cultivar Chinese Spring (CS) whereas the  mutant phlc is  in 
tetraploid wheat (Triticum turgidum L.) cultivar Cappelli 
(CPP). A ‘CPP’ stock (dup. P h l )  with a duplicated interstitial 
region, encompassing the Phl gene, is also  available (Dvo- 
R ~ K ,  CHEN  and GIORCI 1984). All the  mutant lines were 
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used to identify DNA fragments papping in the Phl gene 
deletions. 

Chromosome deletion lines: The chromosome deletion 
lines  used for  the physical mapping of the Phl gene and 
restriction fragment length polymorphism (RFLP) markers 
were generated using the gametocidal chromosome of Tri- 
ticum cylindricum (ENDO 1988; T. R. ENDO and B. S. GILL, 
unpublished). The deletion lines were characterized by  C- 
banding analysis (GILL and KIMBER 1974; ENDO 1988). 

Chromosome 5B recombinant population: Chromosome 
5B  disomic substitution line  of Triticum dicoccoides in  ‘CS’ 
(produced by late E. R. SEARS) was crossed to ‘CS.’ The F1 
was crossed as a male to monotelosomic 5BL. Plants with 
41 chromosomes (lacking  telosomic 5BL) were  selected and 
allowed to self  in order  to recover recombinant 5B chro- 
mosomes  in  disomic condition. Fifty-eight recombinant lines 
were isolated and used for genetic mapping of chromosome 
5B-specific RFLP markers. 

All the genetic and aneuploid stocks are maintained at 
the Wheat Genetic Resource Center (WGRC), Kansas State 
University, Manhattan, Kansas. 

Arm ratio/arm fraction length (FL) measurements: A 
mean  of  five chromosomes was used for chromosome meas- 
urements of the deletion lines and of 10 for  the mutant 
lines. Standard  errors were also calculated for the compari- 
son  of the chromosome measurements. The arm ratios were 
calculated by dividing the long arm measurements with that 
of the  short arm.  The FL values for  the deletion breakpoints 
were calculated by dividing the  arm  ratio of the deletion 
chromosome with that of the normal homolog. The FL 
values for  the C-bands were calculated from the distance of 
the C-band from the  centromere divided by the total arm 
length. The FL of chromosome 5BL of the mutant lines 
was calculated by dividing the  arm  ratio of the mutant line 
with that of the respective wild-type counterpart (‘CS’ or 
‘CPP’). 

Scoring of the Phl gene: The Phl gene was scored for 
all the  mutant  and  the deletion lines  used  in the study. The 
mutant lines, and  the deletion lines either homozygous or 
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FIGURE I .-(a) Karyotypic and idiogrammatic representation of C-banding patterns of chromosome  5B in ‘CPP,’ ‘CS’ and various mutant 
and  chromosome  5BL  deletion lines. The FL position of the C-bands and of the breakpoints is given  on  the  left. (b) The ISH pattern of 
probe pSc 1 19 on chromosome  5BL of the mutant and the  deletion lines. The ISH site at  FL 0.42 (0.43 in *CPP’) is present in  all the  deletion 
lines, absent in the two mutant lines ( p h l b  and p h l c ) .  and present in tandem duplication in dup. P h l .  

heterozygous for the deletion 5B chromosome, were crossed 
with Triticum peregrinum (syn. Aegilops uariabilis). For the 
mutant lines and homozygous deletion lines,  two FI seeds 
(from the cross with T.  peregrinum) were analyzed by  C- 
banding of mitotic metaphase chromosomes (ENDO 1988). 
For the heterozygous deletion lines, however, mitotic met- 
aphase chromosomes of  10 FI plants were analyzed in order 
to identify the  FI plants with the  appropriate deletion in the 
5BL chromosome. The meiotic metaphase 1 (Ml) chromo- 
some pairing was then studied on  the selected FI plants. For 
each plant, chromosome pairing data of 10-20 cells were 
pooled. The chromosome pairing frequencies were com- 
pared with those of control FI (‘CS’ X T.  peregrinum). 
DNA analysis: Chromosome 5D-specific  DNA probes 

from the  D genome RFLP map (GILL et al. 1991; K. S. 
GILL, unpublished) were used for gel blot DNA  hybridiza- 
tion  analysis  of the  mutant  and  the deletion lines. The 
probes, interchromosomally mapped on wheat homoeolo- 
gous group  5, were also  used (generously provided by MARK 
SORRELLS and MIKE GALE). Wheat hornoeologous group  5 
nullisomic-tetrasomic and ditelosomic lines of ‘CS’ (SEARS 
1954,  1966) were  used to map DNA fragments to  their 
respective arms of group 5 chromosomes. The gel blot DNA 
hybridiiration  analysis techniques were as previously de- 
scribed (GILL et al. 199  l ; GILL  and GILL 199  l). 

In situ hybridization (ISH) analysis: The repetitive DNA 
probe pSc 1 19 (BEDBROOK et al. 1980) detects an ISH band 
on chromosome 5BL (RAYBURN and GILL 1985). Therefore, 
the  probe was used for ISH  analysis  of the deletion and 
mutant lines. The ISH  analysis was as described previously 
(RAYBURN and  GILL 1985; MUKAI, ENW and GILL 199 1). 

RESULTS A N D  DISCUSSION 

Deletion line characterization: The chromosome 
5BL deletion lines used in the study were character- 
ized by their  arm  ratio  (FL)  and  the  C-banding  pattern 
(Figure  la). The C-banding  pattern of the  long  arm 
of chromosome  5B of wheat is very distinct. In  addi- 

tion to  the major  centromeric  band,  there  are  three 
major C-bands (5BL1.5,  5BL2.1 and 5BL2.5) [chro- 
mosome banding  nomenclature is according to GILL, 
FRIEBE and ENDO (1 991)]. The hexaploid wheat cul- 
tivar ‘CS’ and tetraploid wheat cultivar ‘CPP’ are 
polymorphic  for the band  5BL1.5  that is present in 
‘CPP’ but  absent in  ‘CS.’ 

Chromosome  deletions  generated by the gametoci- 
dal  chromosome of T. cylindricurn arise from a single 
break followed by the loss of the distal chromosome 
region (ENDO 1990; GILL, GILL and ENDO 1992). The 
breakpoints of the deletions 5BL-9, 11 ,  1 and 5 are 
at FL 0.76, 0.59,  0.55  and  0.54, respectively. The 
breakpoint  measurements of the deletion lines are 
independent of their position relative to  the C-bands 
because the breakpoint FL values were calculated by 
dividing the  arm  ratio of the deletion line with that 
of the normal. The length of all the deletion chro- 
mosome arms is more  than  the expected based on  the 
position of the breakpoint  relative to  the C-bands. For 
example, the breakpoint of the deletion 5BL-1 is just 
proximal to  the C-band 5BL2.1 at FL 0.51 whereas 
the estimated FL value for  the  breakpoint is 0.55. 
Similarly, the FL value (0.59)  for  the  deletion 5BL- 
11 indicates the breakpoint to be in the distal half of 
the chromosome  region between the C-bands 5BL2.1 
and 5BL2.5 (at FL 0.51 and 0.66, respectively) 
whereas the breakpoint actually is closer to the C- 
band 5BL2.1 compared to 5BL2.5 (Figure la).  The 
discrepancy could not  be  an estimation error because 
the observation is consistent with deletion lines for 
other wheat chromosomes also (T. R. ENDO and B. S. 
GILL, unpublished). T w o  hypotheses can be proposed 
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to explain the  increment in the  length of the deletion 
chromosome  arms.  Either the  chromatin of the dele- 
tion chromosome arm  does  not package as efficiently 
as the  chromatin of the  normal  arm  during mitosis, 
or a  chromosome  segment is added  to  the sticky end 
of deletion arm.  The  ends of the deletion  chromosome 
arms possess telomeric  sequence  although there  are 
no interstitial telomeric  ISH sites in normal wheat 
chromosomes  (WERNER et al. 1992).  However, the 
discrepancy is for  the position of the  breakpoint  rela- 
tive to  the C-bands rather  than  the total  length of the 
arm.  Therefore,  the  chromatin of the deletion  chro- 
mosomes does  not package as efficiently as it does  for 
the normal  chromosomes, and  thus  appears  longer. 

Phl gene scoring: SEARS (1  977)  described  a  reliable 
approach  to  score Phl gene. The material under study 
is crossed to a tetraploid wild relative T. peregrinum 
(US) and chromosome  pairing of the Fl’s is studied. 
In the presence of Phl gene, mostly univalents are 
observed at meiotic M 1. In  the absence of the  gene, 
however, bivalents or higher  order chromosome as- 
sociation are observed. 

The Phl gene was scored on  the 5BL deletion lines 
as  described  above. The deletion lines 5BL-9 and 
5BL-  1 1,  at M 1 ,  had  an  average  chromosome associa- 
tion of 3.2 I1 (bivalents) + 29.8  I (univalents) and  1.5 
I1 + 32 I, respectively, thus, possess the Phl gene. 
The deletion lines 5BL-1 and 5BL-5, however,  had 
an  average of 0.4 IV (quadrivalents) + 1.5 I11 (triva- 
lents) + 8.9 I1 + 14.1  I  and 0.4 IV + 2.1 I11 + 7.9 I1 
+ 9.3  I, respectively, indicating the absence of the Phl 
gene. Since deletion 5BL-1 is the smallest deletion 
where Phl  gene is missing and 5BL-11 is the largest 
deletion  where it is present,  the Phl gene is present 
in the chromosome  region  between FL 0.55  and  0.59 
[the breakpoints of deletion 5BL-1 and 5BL-11,  re- 
spectively (Figure  la)]. 

Comparison of FL position of the  C-bands: The 
C-banding pattern of chromosome 5B of p h l b  is very 
similar to  that of wild-type ‘CS’ (Figure  la). All the 
prominent C-bands of ‘CS’ are  present in the  mutant. 
Based on the visual comparison of the  morphology of 
chromosome 5BL of p h l b  with that of the normal 
‘CS,’ we reported  the Phl gene  deletion to be submi- 
croscopic (GILL and  GILL  1991). However, the C- 
bands  5BL2.1  and  5BL2.5 in p h l b  are present at FL 
0.37  and  0.51, respectively, compared  to  at FL 0.51 
and  0.66 in ‘CS.’ The ratio of the  chromosome  region 
between centromere  and  the C-band  5BL2.1 by the 
short  arm is 0.744 in p h l b  compared  to 1 .OOO in ‘CS.’ 
Therefore,  the  chromosome region  between  centrom- 
ere  and C-band 5BL2.1 possesses an  interstitial dele- 
tion in phlb.  The total  length of 5BL is 8.08 pm (GILL, 
FRIEBE and ENDO 1991). The size of the deletion is, 
therefore,  1.05 pm (the size of the region in p h l b  is 
3.07 pm compared  to 4.12 pm in ‘CS’). The deletion 

TABLE 1 

DNA analysis data of the Phl mutant lines and  chromosome 
5BL deletion lines using wheat homoeologous group 5-specific 

probes 

CS 5BL-11  5BL-1 p h l b   p h l c  Dup. Phl  

Break point (FL) 0.59  0.55 

Xpsr 128 + +  + ”  ++ 
XksuS 1 + +  ++ 
Phl  gene + +  ++ 
Xksu75 + +  - - +  + 
Xksu24 + +  - + +  + 
The Ph1 gene scoring data are also  given. “+” indicates the 

pScl19 + +  + ”  ++ 
- ” 
- ” 

presence of the  marker, whereas, “-” indicates absence. 

must be  present just proximal to  the C-band 5BL2.1 
as a  minor  C-band at FL 0.47 in ‘CS’ is missing  in 
p h l b  (Figure la).  The chromosome  region distal to 
the C-band  5BL2.1 of p h l b  is morphologically un- 
changed because the  ratio of the  region by the  short 
arm is 0.969 and  1.004 in p h l b  and ‘CS,’ respectively. 

The  three interstitial C-bands of 5BL of ‘CPP’ are 
located at FL 0.38,  0.50  and  0.64 (Figure la).  In  the 
mutant p h l c  the bands are present at FL 0.42, 0.43 
and  0.59. The chromosome  region between C-bands 
5BL1.5 and  5BL2.1,  and 5BL2.1 and 5BL2.5 is 0.97 
pm and  1.13 pm, respectively (calculated from  the FL 
values). The same chromosome  regions in phlc  are 
0.08  and 1.14  pm, respectively, indicating a deletion 
spanning  0.89 pm  in the chromosome  region between 
C-bands 5BL1.5 and  5BL2.1. The C-bands 5BL1.5, 
5BL2.1 and  5BL2.5 in the  dup. Phl are located at FL 
0.35,  0.55  and  0.67. The chromosome  region be- 
tween the C-band  5BL1.5 and 5BL2.1 in dup. P h l  is 
1.8 pm compared  to  0.96 pm  in ‘CPP.’ Therefore, 
the size of the duplicated  region is 0.84 pm. The size 
and  the location of the duplication region suggest that 
chromosome  region  deleted in p h l c  and duplicated in 
dup. Phl is probably the same. 

Our ‘CPP’  mutants  characterization results confirm 
the findings of JAMPATES and DVORAK (1  986).  They 
proposed the interstitial  deletion of p h l c  to be  present 
between 5BL1.5  and 5BL2.1. They also interpreted 
that  the  duplicated  region of dup. Phl is the same as 
the  deleted  region of p h l c .  

ISH analysis: The ISH site for  the  probe pSc 1 19 
on  chromosome 5BL is present at FL 0.42 in  ‘CS’ and 
at FL 0.43 in ‘CPP’ (Figure lb).  The ISH band that 
is present in  all the deletion lines, however, is missing 
in the  mutants p h l b  and p h l c .  The ISH site is present 
in the duplicated  region of the  dup. Phl  (Figure lb). 
These results agree with the results of C-banding 
characterization of the deletion and  the  mutant lines. 
The breakpoint FL of all the deletion lines is more 
than 0.42,  and, thus possess the ISH site. The esti- 
mated size of the chromosome  region between the 
ISH site and 5BL2.1 is 0.72 pm (0.09 FL of 8.08 pm). 
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FIGURE 2.-Fifteen micrograms of Hindlll digested  genomic 

DNA were separated on 0.8% agarose gel and transferred to MSI 
membrane. The hybridilation was performed in 50% formamide, 
6 X SSPE, and 0.5%  SDS at 42”. Lanes: 1, ‘CS’; 2, NT5A(5B); 3, 
NT5B(5D): 4, NT5D(5A); 5, p h l b ;  6, p h l c ;  7, dup. Ph1; 8, 5BL-1 
and 9. 5BL-11. (a)  Hybridbation with XksuSl and (b) with Xksu75. 

The deletions of the  mutants p h l b  and p h l c  are 1.05 
and 0.89 pm,  present proximal to 5BL2.1. Therefore, 
the ISH site is missing  in both  the  mutant lines. 

Gel blot DNA analysis: We analyzed the  mutant 
and  the deletion lines by gel blot DNA hybridization 
analysis, using chromosome group 5 long  arm specific 
probes, and  the results are summarized in Table 1 
and Figure 3. We identified 3 (out of 20) probes 
(XksuS 1, Xpsr128 and Xksu75) that mapped in the P h l  
gene  deletion of p h l b  as each probe  detected missing 
chromosome 5BL fragment(s) in p h l b  (Figure 2, a and 
b). By deletion  mapping the probes Xksu75 and 
XksuS1 mapped in the  chromosome  region between 
the breakpoints of deletions 5BL-1 and 5BL-11, the 
same  chromosome  region  where the P h l  gene 
mapped. The probe Xpsr128, however,  mapped  prox- 
imal to  the  breakpoint of the deletion 5BL-1. 

The probes XksuS1 and Xpsr128 detected missing 
5BL fragments in p h l c  also, whereas Xksu75 detected 
normal 5BL fragment  bands  (Figure 2b). In the  dup. 

PI“ n 
5BL-3 

5BL2.1 
5BL-1 I Xksu 75, Xksu 24 

5BL2.- 
5BL-9 # 

Physical  map 

I C  
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

Genetic map 
FIGURE 3.-Physical and  genetic map of chromosome 5BL re- 

gion around the Phl  gene.  The deletion breakpoints are marked 
on  the left of the physical map and  the  probe positions are indicated 
on the right. On  the  genetic  map,  the distance (in cM) between the 
markers is given on the  left. 

P h l ,  the probes XksuS1 and Xpsr128 detected  the 
5BL fragment  band in  twice the intensity of the nor- 
mal ‘CPP,’ therefore,  are present in the duplicated 
chromosome  region  (Figure 2a). The molecular data 
confirmed the cytological evidence of duplication. 

The probe Xksu24 also mapped in the same chro- 
mosome region  where P h l  gene  mapped (in the  chro- 
mosome region between the breakpoints of deletions 
5BL-1 and 5BL-11). In the P h l  gene  mutants ( p h l b ,  
p h l c  and  the  dup. P h l ) ,  however, the  probe Xksu24 
detected  normal 5BL fragment bands. 

The RFLP probes  present around  the Phl  gene 
were genetically ordered using 5B recombinant pop- 
ulation (see MATERIALS AND METHODS) and  data were 
analyzed using computer  software “MAPMAKER.” 
Figure 3 shows a  partial physical and genetic linkage 
maps of chromosome 5BL of wheat. The  order of the 
loci  in the physical map  agrees  to  that of the genetic 
map. On  the genetic  map the  probe Xpsr 128 is present 
proximal to XksuS1 and Xksu75 maps distal. The 
probe Xksu75 detects  three loci clustered in chromo- 
some  region  spanning 7.5 cM. The chromosome re- 
gion around  the P h l  gene is high in recombination as 
the genetic  length of the submicroscopic region (see 
next section) spanning Xksu75 and XksuS1 is at least 
9.3 cM. 
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Physical  location of the Phl gene: The deletion 
mapping located the P h l  gene in the  chromosome 
region between the breakpoints  of  deletion 5BL-1  (FL 
0.55) and 5BL-11 (FL 0.59). The breakpoint of dele- 
tion 5BL-1 is proximal to the C-band 5BL2.1. The 
breakpoint is probably on the proximal end  of 5BL2.1 
because: (i) the FL of deletion arm is 0.55 compared 
to FL 0.51 of the C-band 5BL2.1 and (ii) a  minor C- 
band at FL 0.47 and  the  chromosome region between 
the minor  band and 5BL2.1 is present in deletion 
5BL-1 (Figure la). The P h l  gene deletions of p h l b  
and phlc ,  however, are present proximal to 5BL2.1. 
Therefore,  the P h l  gene is present  proximal to the 
C-band 5BL2.1 but distal to the  breakpoint  of deletion 
5BL-1. This chromosome  region  cannot be resolved 
by the microscope. 

On the  genetic  map, the  probe XksuS1 is present 
proximal to  the  centromere  and Xksu75 being distal 
(Figure 3). The probe  order  and  their relative dis- 
tances are  the same in T. tuuschii also (GILL et ul. 199 1 ; 
K. S .  GILL, unpublished). For the  mutant p h l c ,  only 
the  probe XksuS1 maps in the P h l  gene deletion 
whereas the  probe Xksu75 detects  normal DNA frag- 
ment bands. Therefore,  the distal breakpoint of the 
Phl  gene  deletion of p h l c  mutant is in the  chromo- 
some region between XksuS1 and Xksu75. The break- 
point of P h l  gene  deletion of p h l b  is present distal to 
the breakpoints of 5BL-1 and phlc .  The probe Xksu75 
is flanked by the distal breakpoint  of p h l c  and  the C- 
band 5BL2.1. The P h l  gene  along with the  probe 
XksuS1 is, therefore,  present in the  chromosome re- 
gion between the breakpoints of deletion 5BL-1 and 
p h l c   ( P h l  gene  region). 

The probe Xksu24 maps in the same  chromosome 
region  where the P h l  gene maps, however, in the 
region  that is not  deleted or duplicated in the  mutant 
lines. Since the chromosome  region  deleted or dupli- 
cated in the  mutant lines maps proximal to  the C- 
band 5BL2.1, the  probe Xksu24 maps either in or 

distal to the C-band. Because of lack of polymorphism 
(after  testing with 20 restriction enzymes) we were 
unable to genetically map  the  probe in wheat. Prob- 
ably because of fewer markers,  the  probe Xksu24 
seemed to  map  on  the  short  arm of 5D in T. tuuschii 
(GILL et ul. 199 1). However, on our current T. tuuschii 
map, the  probe maps 14 cM distal to Xksu75 (K. S. 
GILL, unpublished). 

The resolution of the light microscope is 0.2 pm 
which for wheat chromosomes  translates to about 14 
Mb of DNA. The genetic distance of the  chromosome 
region  spanned by XksuS1 and Xksu75 is at least 9.3 
cM. Since the probes XksuS1 and Xksu75 are 1.8 cM 
apart,  the P h l  gene  region is smaller than  the rest of 
the submicroscopic region distal to it. The estimated 
size of the Phl  gene  region is, therefore, less than 3 
Mb. 

The fine physical mapping  data of P h l  gene  are 
summarized in Figure 4. In  summary, the Phl  gene, 
along with the DNA marker XksuS1, is present in a 
submicroscopic chromosome  region ( P h l  gene  region) 
between the breakpoints of deletion 5BL-1 and phlc .  
The breakpoint of p h l b  is present distal to P h l  gene 
region but proximal to 5BL2.1 -the  region  that is also 
submicroscopic and possesses Xksu75. The probe 
Xpsr128 is present proximal to  the Phl  gene region. 
The  chromosome  region around  the Phl  gene is high 
in recombination,  as the genetic distance of the region 
spanned by XRFuS1 and Xksu75 is at least 9.3 cM. The 
chromosome  region is also prone  to breaks, as  the 
breakpoints of the  mutants p h l b ,   p h l c  and  dup. P h l  
also map in the region. 
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