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Abstract Diploid-like chromosome pairing in polyploid 
wheat is controlled by several Ph (pairing homoeologous) 
genes with major and minor effects. Homoeologons pairing 
occurs in either the absence of these genes or their inhibition 
by genes from other species (Ph ~ genes). We transferred Ph I 
genes from Triticum speItoides (syn Aegilops speltoides) to T. 
aestivum, and on the basis of further analysis it appears that 
two duplicate and independent Ph ~ genes were transferred. 
Since Ph ~ genes are epistatic to the Ph genes of wheat, ho- 
moeologous pairing between the wheat and alien chromo- 
somes occurs in the F~ hybrids. Using the Ph J gene stock, we 
could demonstrate homoeologous pairing between the wheat 
and Haynaldia villosa chromosomes. Since homoeologous 
pairing occurs in F 1 hybrids and no cytogenetic manipulation 
is needed, the Ph I gene stock may be a versatile tool for 
effecting rapid and efficient alien genetic transfers to wheat. 

Key words Triticum aestivum �9 T. speltoides �9 Meiotic chro- 
mosome pairing �9 Alien transfer 

Introduction 

Common wheat (Triticum aestivurn L.) is an allohexaploid 
(2n = 6x=42)  species with the genomic constitution 
AABBDD. Although F 1 hybrids between different diploid 
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(2n = 14) progenitor species show considerable pairing, di- 
ploid-like strictly homologous chromosome pairing is ob- 
served in hexaploid wheat. The suppression of meiotic pairing 
between the genetically related A-, B-, and D-genome chromo- 
somes (termed homoeologous chromosomes) is controlled by 
a major gene, Phl (pairing homoeologous), located on chro- 
mosome 5B (Riley and Chapman 1958; Sears and Okamoto 
1958). Another gene, Ph2 on 3D, has a moderate suppression 
effect on homoeologous pairing (Mello-Sampayo 1971). Mi- 
nor suppressors of homoeologous pairing have been located 
on 3AS and 4D, and promotors, on group 5 chromosomes (see 
review by Sears 1976). Thus, diploid-like pairing in hexaploid 
wheat is controlled by one major gene, Phi, on 5BL and one 
intermediate-pairing gene, Ph2, on 3DS and a number of 
minor genes that either suppress or promote homoeologous 
pairing. 

When all of the genetic elements of the Ph system are 
functioning and balanced, homoeologous pairing rarely oc- 
curs. During the evolution of polyploid wheat, Ph genes 
ensured genome stability and fertility. Furthermore, the Ph 
system of wheat prevents meiotic pairing and recombination 
between wheat and alien chromosomes in F 1 hybrids. How- 
ever, in the absence of Ph genes (nullisomic or mutant), alien 
chromosomes do pair and recombine with wheat chromo- 
somes, and a number of agronomically important genes have 
been transferred to wheat by ph-induced chromosome pairing 
(Sears 1977, 1981, 1982). 

Riley et al. (1961) reported a genetic sytem in T. speltoides 
that is also able to effect chromosome pairing in hexaploid 
wheat even in the presence of the 5B system. In hybrids 
between T. speltoides and T. aestivum, the normal 5B system in 
T. aestivum was apparently suppressed by genes from T. 
speltoides, thereby allowing pairing between homoeologous 
chromosomes. Later, Dv6r/tk (1972) and Kimler and Athwal 
(1972) found that T. speItoides is polymorphic for the promo- 
tion of homoeologous pairing, and high- intermediate-, and 
low-pairing type strains have been identified. Chert and 
Dvof/tk (1984) suggested that probably two genes in T. speIto- 
ides were involved in the promotion of homoeologous pairing, 
with one system being composed of two duplicate gene loci 
segregating independently of each other and the other system 
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be ing  c o m p o s e d  of  several  m i n o r  genes  mod i fy ing  the  effects of 
m a j o r  genes. 

Since genes  in T. speltoides are  ep is ta t ic  ove r  the  Ph gene of 
whea t ,  we des igna t ed  these  genes  Ph I. Ph ~ genes  h a v e  been  used  

to t r ans fe r  genes  f rom al ien species in to  w h e a t  (Riley et  al. 

1968). Because  Ph I genes  are  d o m i n a n t  a n d  cause  ho -  

m o e o l o g o u s  pa i r i ng  in F 1 hybr ids ,  t hey  a l low an  easier  t r ans -  

fer of a l ien gene t ic  m a t e r i a l  to  w h e a t  t h a n  the  recessive phi  
m u t a n t  or  nu l l i somic -5B  i n d u c e d  in t rogress ion .  Howeve r ,  

o t h e r  de le te r ious  genes  of  T. speltoides are i n t r o d u c e d  in to  

w h e a t  at  t he  s ame  t ime. In  th is  paper ,  we r e p o r t  o n  the  

genet ics ,  select ion,  a n d  iden t i f i ca t ion  of  a h i g h - p a i r i n g  line of  

c o m m o n  w h e a t  ca r ry ing  Ph I genes  t r an s f e r r ed  f r o m  T. spelto- 
ides. W e  will f u r t he r  d e m o n s t r a t e  the  effect iveness of  the  Ph I 
genes  to p r o m o t e  h o m o e o l o g o u s  pa i r ing .  

Materials and methods 

T. speltoides (Tausch) Gren ex. Richter (TA 1786) was collected from 
Turkey by Dr. B. L. Johnson (original accession no. G1936). T. variabilis 
(TA 1904) is of unknown origin and was obtained from the late Dr. E. R. 
Sears. (his accession no. P83-9.2-1). The T. durum-Haynaldia villosa (syn. 
Dasypyrum villosum) amphiploid was produced at Nanjing Agricultural 
University, China. Mutants phlb, ph2a, and ph2b were obtained from 
E.R. Sears. These materials are maintained by the Wheat Genetics 
Resource Center at Kansas State University. 

T. speltoides TA 1786 as male parent was crossed with 'Chinese Spring' 
(CS), and the hybrid was backcrossed to CS two times. The plants with 
multivalents at metaphase I (MI) of meiosis in the BC 1 and BC z gener- 
ations were selected and backcrossed to CS. The B C y  2 plants were 
testcrossed to T. variabilis, and MI pairing was analyzed in the F 1 hybrids 
to identify low-, intermediate-, or high-pairing lines. The B C J 3  plants 
with high-pairing genes were further testcrossed to the T. durum-Haynal- 
dia villosa amphiploid to determine homoeologous pairing between wheat 

and H. villosa chromosomes. CS and mutants phlb, ph2a, and ph2b were 
used as controls in testcrosses. 

Root tips were pretreated for 20 24h at 4 ~ and fixed 95% ethanol- 
glacial acetic acid (3 : 1). Anthers with pollen mother cells (PMCs) at the 
MI stage of meiosis were selected and fixed in 95 % ethanol-glacial acetic 
acid (3 : 1). Mitotic and meiotic preparations were made by squashing in 
45 % acetic acid with or without staining with 1% aceto-carmine. C-band- 
ing analysis was according to the method described by Gill et al. (1991). 
The method of in situ hybridization using biotinylated total genomic 
DNA of H. villosa as the probe was that of Mukai and Gill (1991). The 
ratio of biotinylated DNA to cold wheat DNA was about 1 : 200 ~ 300. 

Results 

D e m o n s t r a t i o n  of  P h  ~ genes  in T. speltoides 

The  F 1 hyb r id s  of T. speltoides (TA 1786) wi th  CS a t  M I  of  
meios is  s h o w e d  5.78 I + 7.70 II  + 1.56 I I I +  0.46 IV a n d  15.5 

c h i a s m a  per  P M C ,  i n d i c a t i n g  t h a t  T A  1786 is a h i g h - p a i r i n g  

type. The  F1 h y b r i d  was h igh ly  ma le  sterile a n d  pa r t ly  female  

fertile. Some  BC~ p l a n t s  were o b t a i n e d  by  b a c k c r o s s i n g  the  F~ 

to CS. After  a s econd  b a c k c r o s s i n g  to CS, a n u m b e r  of  B C  2 

p l an t s  s h o w e d  a c h r o m o s o m e  n u m b e r  a p p r o a c h i n g  42 a n d  

pa r t i a l  fertility. M u l t i v a l e n t s  were o b s e r v e d  m o r e  f requen t ly  

at  M I  of meios is  in  some  BC2 plants ,  wh ich  ind ica t ed  t h a t  

these  p l an t s  were  ca r ry ing  P h  ~ genes  t h a t  inh ib i t  the  Ph gene 

sys tem of  T. aestivum. These  p l a n t s  were selected a n d  self- 

p o l l i n a t e d  to p r o d u c e  B C 2 F  2 p lants .  

Tes tc rosses  wi th  T. var iab i l i s  

Some  of  the  B C 2 F  2 p l an t s  s h o w e d  h igh  f requencies  of  P M C s  
wi th  m u l t i v a l e n t s  a t  M I  sugges t ing  t h a t  the  Ph I gene(s) h a d  

Table 1 MI chromosome pairing in testcrosses of BCzF 2 plants with T. variabilis. Only data on bivalent or multivalent associations are shown 

Line Cells scored II III IV V Chiasma Pairing" 
type 

(Rod) (Ring) Total 

640-1 65 5.74 0.57 6.31 0.78 0.03 8.53 HP 
-2 65 2.20 0.08 2.28 0.90 0.02 4.22 LP 
-4 38 3.82 0.18 4.00 0.84 5.86 IP 

641-2 100 1.40 0.11 1.51 0.57 2.76 LP 
-3 59 5.90 0.56 6.46 0.86 0.07 8.95 HP 
-4 50 4.72 0.14 4.86 0.68 6.36 IP 
-5 78 3.67 0.66 4.33 0.59 0.04 6.30 IP 

642-1 50 2.66 0.04 2.70 0.14 3.02 LP 
-3 83 5.77 0.37 6.14 1.12 0.10 9.05 HP 
-4 101 3.65 0.08 3.37 0.29 4.39 LP 
-5 61 4.20 0.21 4.41 0.26 0.05 5.29 IP 
-7 53 3.28 0.25 3.53 1.00 0.04 5.90 IP 
-8 50 1.58 0.00 1.58 0.04 1.66 LP 
-9 70 2.80 0.07 2.87 0.23 3.40 LP 

643-1 72 2.14 0.00 2.14 0.06 2.26 LP 
-2 78 6.59 0.29 6.88 0.97 0.08 0.01 9.39 HP 
-4 63 2.40 0.03 2.43 0.17 2.80 LP 
-5 99 3.80 0.28 4.08 0.43 0.02 5.28 IP 
-6 70 4.24 0.19 4.43 0.44 5.50 IP 
-7 52 2.31 0.15 2.46 0.10 2.81 LP 
-8 52 1.94 0.12 2.06 0.85 3.88 LP 
-9 80 6.43 0.46 6.89 0.93 0.16 0.01 9.73 HP 
-10 102 2.45 0.06 2.51 0.25 3.07 LP 

a HP, High pairing, IP, intermediate pairing, LP, low pairing 



been transferred from T. speltoides. In order to verify 
the presence of Ph ~ genes transferred from T. speltoides, we 
test-crossed BCzF 2 plants with T. variabilis. The F 1 hybrid 
between normal T. aestivum and T. variabilis shows low 
homoeologous pairing at MI. Analysis of the chromosome 
pairing at MI of meiosis in 23 testcross plants of four BCzF2 
lines with T. variabilis is shown in Table 1. Of 23 testcross 
plants, 5 showed 6.14-6.89 II+0.78-1.12 I I I+0 .03  0.16 
IV and 8.53-9.73 chiasma per PMC at MI (Fig. la). This 
level of pairing is classified as high pairing. Seven testcross 
plants showed 2,51-5.30 II + 0.08-1.00 III  +0.00-0.05 
IV and 5.28-6.36 chiasma per PMC (Fig. lb); this is classi- 
fied as an intermediate level of homoeologous pairing. Eleven 
testcross plants showed 1.51-2.46 II +0.04-0.90 III 
and 1.66-4.39 chiasma per PMC (Fig. lc) and were taken 
as an example of low pairing. This latter level is similar 
to or slightly higher than the level observed in control 
CS x T. variabilis F 1 hybrids (2.41 II + 0.07 III and 2.66 
chiasma). 

Testcrosses of BC2F 3 plants from the above four BCzF 2 
lines were successively made with T. variabilis. In the proge- 
nies from testcrosses between high-pairing lines and T. 
variabilis, 32 of 39 (from 640-1) and 21 of 27 (from 641-3) plants 
analyzed still showed high pairing (> 7.0 chiasma per PMC) 
in two families. Only 7 of the 39 and 6 of the 27 plants analyzed 
showed intermediate pairing (4.5-7.0 chiasma per PMC). No 
low-pairing plants were recovered from the two high-pairing 
lines. In the progenies from testcrossing between low-pairing 
lines (640-2 and 641-2) and T. variabilis, 9 plants from both 
families showed low pairing. This suggested that the recessive 
genes controlling low pairing were homozygous. In the prog- 
enies from testcrossing between intermediate-pairinglines and 
T. variabilis, high- (1 plant), intermediate-(1 plant), and low- 
pairing (5 plants) were observed. This suggested that the genes 
were still heterozygous. 

The comparison of chromosome pairing at MI of PMC in 
testcrosses of high-pairing lines, 'Chinese Spring', and Ph 
mutants with T. variabilis is shown in Table 2. The results 
indicate that the level of homoeologous pairing of the lines 
developed in this work is higher than that of the ph2 mutant 
and lower than that of the phlb mutant. 
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Testcrosses with the T. durum-Haynaldia villosa 
amphiploid 

In order to determine whether the Ph ~ genes promote ho- 
moeologous pairing between wheat chromosomes and alien 
chromosomes, some high-pairing BC2F 3 plants were crossed 
with a T. durum-Haynaldia villosa amphiploid (AABBVV). 
The V genome chromosomes contain large telomeric C-bands 
and thus can be distinguished from the A-, B-, or D-genome 
chromosomes of wheat (Fig. 2). Chromosome pairing in 
PMCs of testcross progenies was analyzed. 

The F 1 hybrids of high-pairing lines with T. durum- 
H. villosa amphiploid had 10 26% PMCs involved in ho- 
moeologous pairing between the V genome chromosomes and 
the A-, B-, or D-genome chromosomes. This frequency is 
higher than observed in the control CS x T. durum-H, villosa 

Fig. la-c Chromosome pairing at MI in high-, intermediate-, and low- 
pairing 'Chinese Spring' wheat lines in testcrosses with T. variabitis. 
a High-pairing line, b intermediate-pairing line, c low pairing line 

amphiploid (3%) and those of low-pairing lines x the T. 
durum-H, villosa amphiploid (6 9%). This result, which is 
parallel to the situation in testcrosses with T. variabilis, indi- 
cates that the Ph I genes of T. speltoides transferred into wheat 
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Table 2 The comparison of chromosome pairing at MI in testcrosses of 
high-pairing line 640-1, 'Chinese Spring' (CS) and mutants phl b, ph2a and 
ph2b with T. variabilis. Only data on bivalent or multivalent associations 
are shown 

Line Num- II III IV V Chiasma 
ber of 
cells II(rod) II(rung) Total 

CS 73 2.30 0.11 2.41 0.07 2.66 
ph2b(3DS) 150 4.05 0.04 4.09 0.28 0.01 4.72 
ph2a(3DS) 200 4.96 0.22 5.18 0.51 0.03 0.01 6.55 
HPline (640-1) 65 5.74 0.57 6.31 0.78 0.03 8.53 
phlb(5BL) 150 6.53 1.29 7.82 2.06 0.33 0.02 14.30 

Fig. 3 Genomic in situ hybridization using labeled total genomic DNA 
ofH. villosa as probe showed homoeologous pairing between wheat (light) 
and H. villosa chromosomes (dark) in progenies of crosses of high-pairing 
Ph I line with the T. durum x H. villosa amphiploid 

Fig. 2 A rod bivalent (arrowed) involving homoeologous pairing be- 
tween a wheat chromosome and a H. villosa chromosome at MI in the F 1 
hybrid of a high-pairing wheat line x T. dururm-H, villosa amphiploid 
(AABBDV) 

do promote homoeologous pairing between alien chromo- 
somes and wheat chromosomes. 

The PMCs were further analyzed by genomic in situ 
hybridization. A darkly-labelled H. villosa chromosome can 
be clearly seen to pair with wheat chromosomes in a multi- 
valent association (Fig. 3). 

Fig. 4 C-banded karyotype of a high-pairing line derived from T. spelto- 
ides having a translocated chromosome T4D (arrow) 

The chromosome constitution of high-pairing lines 

The chromosome constitution of high-pairing lines was ana- 
lyzed by C-banding. A modified chromosome 4D was ob- 
served in all five high-pairing lines, with the long arm of this 
modified 4D showing an extra telomeric band (Fig. 4). 
A high-pairing line (2n = 42) with this chromosome pair 
substituting for a pair of normal 4D was recovered, and a 
quadrivalent consiting of two 4B and two modified 4D chro- 
mosomes was observed in C-banded PMCs of this line. The 
long arm of the modified 4D paired with the short arm of 4B, 
suggesting that the modified 4D is involved in a translocation 
between 4DL and 4BS of wheat or 4SS of T. speltoides 
(henceforth designated T4D). Another line with a pair of T4D 
substituting for a pair of 4B was also recovered. This line 

showed some difference in plant height and spike morphology 
and was partially fertile even though missing the 4B pair. One 
plant of this line produced more than 100 seeds in the green- 
house. 

Discussion 

The results indicate that Ph I genes from T. speltoides that 
inhibit the Ph system of wheat and promote homoeologous 
chromosome pairing have been transferred to common wheat. 
The level of pairing observed in high-pairing lines was about 
50% of the pairing observed in the original F 1 hybrid between 
CS and the high-pairing T. speltoides (TA1786). High-, inter- 
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mediate-, and low-pairing lines of wheat were observed. The 
high-pairing lines were homozygous and produced mostly 
high-pairing plants and only a few intermediate-pair ing 
plants. Low-pair ing lines were homozygous for genes for low 
pairing. The intermediate-pair ing lines produced high-, inter- 
mediate-, and low-pairing plants. The distr ibution of pair ing 
levels was consistent in successive generations. 

The results support  the hypothesis that  high chromosome 
pair ing in T. speltoides is controlled by two major  genes that  
show different effectiveness and are additive and also by some 
minor  genes (Chen and Dvo['/~k 1984). As a result, there is a 
gradual  increase in homoeologous  pair ing from low to high 
pairing depending upon the number  of genes. The plants 
homozygous for two dominant  and independent  Ph L genes are 
true breeders for high pairing. The various intermediate pair- 
ing are determined by dosages of the two Ph ~ genes that  can 
vary from 1 to 3. This also explains why intermediate-pair ing 
types segregate to produce high-, intermediate-,  and low- 
pair ing types. 

Since the t ranslocated chromosome T4D is observed in all 
five high-pairing lines, the Ph ~ genes may be located on the 
segment transferred from 7". speltoides. The effectiveness of the 
Ph I gene on T4D might be stronger than that  of the Ph l 
gene located on another  as yet unidentified chromosome.  
However, further research is needed to confirm these observa- 
tions. 

Two types of plants containing the T4D were observed. In 
one, the T4D chromosome substituted for the 4D pair. In 
another,  the 4B pair  was substituted by a T4D pair. In the 
lat ter  case, the plants were fertile, al though plants nullisomic 
for 4B are always sterile. There are two possible explanations 
for the observed results: (1) the transferred segment on 4D is 
derived from 4S and contains both high-pairing and fertility 
genes; (2) the transferred segment on 4D is of wheat origin and 
the high-pairing gene is located elsewhere. 

Many  desirable genes are present in wild relatives of 
common wheat. However,  a lack of recombinat ion between 
wheat and alien chromosomes hinders the exploitat ion of wild 
relatives for wheat  improvement.  Several approaches have 
been proposed  to overcome the barrier. Spontaneous translo- 
cations between alien and wheat chromosomes can occa- 
sionally occur in wide crosses. Various types of radiation, 
including X-rays, gamma rays, and neutrons, have been used 
to induce translocations (reviewed in Mukai  et al. 1993). The 
genetically induced homoeologous pairing methods either 
using high-pairing T. speltoides (Riley et al. 1968) or the Ph 
system (Sears 1976) provide the oppor tuni ty  for targeted 
transfer of small chromosome segments. The Ph ~ stock com- 
bines the advantages of both  of the above homoeologous 
transfer methods. I t  has the advantage of the T. speItoides 

method as homoeologous pair ing can be observed in F 1 
hybrids but  without  the int roduct ion of any other deleterious 
T. speltoides chromosomes.  It also has the advantage over the 
phl mutant  method because it eliminates the need for aneu- 
ploids such as nullisomic-5B stock. Although the pairing level 
is not  high, it is effective as shown by induced homoeologous 
pairing between H. villosa and wheat chromosomes. Further  
work with a variety of alien genetic sources will reveal the 
extent of the usefulness of this novel genetic engineering stock. 
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