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N SEVERAL species in which cross-incompatibility is determined by I multiple oppositional alleles, different types of tests have shown that 
these series of alleles are very extensive. The test yielding the most decisive 
results and involving the fewest crosses consists of making all possible 
reciprocal combinations (that is, diallel crosses) between plants which have 
one S factor in common. This procedure was applied first by EAST and 
YARNELL (1929); they found 15 different alleles among the 32 tested in 
Nicotiana. A similar test has since been made by WILLIAMS (1937) using 
red clover, in which 34 out of 40 alleles proved to be different. More re- 
cently, WILLIAMS (1941) reported on two other series of red clover plants 
in which 41 out of 48 and 37 out of 40 alleles, respectively, were different. 
Likewise, EMERSON (1940) has identified 45 different alleles in Oenothera or- 
ganensis . 

A series of oppositional alleles conditioning cross-incompatibility has 
been found in plants of white clover, irrespective of whether they were self- 
incompatible, pseudo-self-compatible, or self-compatible (ATWOOD 1940; 
in press; 1941a). Matings between unrelated plants have very rarely been 
incompatible, and when selected plants were studied intensively (ATWOOD 
1940; in press), seven of the eight alleles that were identified proved to be 
different. This evidence has suggested that the series of alleles in white 
clover may be just as extensive as that found in other species. 

MATERIALS AND METHODS 

Two series of plants were chosen for this study. The first consisted of the 
ten highest yielding plants of the 64 selections tested in sod (ATWOOD and 
GARBER, in press). These ten plants arose from seed that had been col- 
lected from old, well-established pastures in the following places : Belts- 
ville, Md.; Welcome, Md. (two plants from two different fields, about one- 
half mile apart); Sparks, Md.; Walpole, N. H.; Ithaca, N. Y.; State Col- 
lege, Pa.; Martinsburg, W. Va.; Blacksburg, Va.; and New Zealand. The 
second series consisted of 17 plants selected by PROFESSOR H. B. SPRAGUE~ 

1 Contribution No. 28 of the U. S. Regional Pasture Research Laboratory, Division of Forage 
Crops and Diseases, Bureau of Plant Industry, U. S. DEPARTMENT OF AGRICULTURE, in coopera- 
tion with the Northeastern States. A demonstration paper of these results was presented a t  the 
1941 Summer Meetings of the Genetics Society of America, Cold Spring Harbor, N. Y. 

We are gratefully indebted to PROF. SPRAGUE and his associates for the us4 of these plants, 
and to several cooperating agronomists for collecting the seed used in the other series. 
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from a large nursery (AHLGREN and SPRAGUE 1940) which was examined 
for potential breeding material. Of these 17 plants, nine were from native 
seed collected from four pastures in New Jersey. Since several heads had 
been picked from scattered areas in each pasture, it is probable that each 
head came from a different plant. The other eight plants in this series came 
from “commercial” seed supplied by the U. S. DEPARTMENT OF AGRICUL- 
TURE. One-of these plants was from the “Dixie” blend, three were from 
Missouri seed, and the other four came from Ladino seed, which had been 
harvested in Oregon. Seven plants, homozygous, respectively, for seven 
different S factors, were used in this study. They had been derived from 
four parent plants (ATWOOD 1940; in press) which came respectively from 
seed or plants collected in Michigan, Pennsylvania, Maryland, and New 
York. Because of the diverse geographical origins of all plants studied, it is 
highly improbable that they were closely related. 

All of the crosses for this study were made in the greenhouse in the man- 
ner previously described (ATWOOD 1g41b). 

EXPERIMENTAL RESULTS 

When each of the 27  selected plants was crossed as a female with a single 
plant homozygous for one of the previously identified S factors( SISI), 
every mating was found to be compatible, indicating that this particular 
gene, SI, was not borne by any of the 27  plants. The resultant seed was 
used to produce the FI generation except in two cases, in which seed from 
the reciprocal cross was used, since the latter was of somewhat better qual- 
ity in these cases. Because the same classes were expected in the reciprocal 
Fl progenies, use of the reciprocal cross was permissible under the circum- 
stances. 

Two intra-sterile, inter-fertile groups were expected in each F1 progeny. 
For example: S X S ~ X S I S I - ~ S X S I + S ~ S I .  In order to test for these ex- 
pected groups, four to eight FI plants were intermated within each progeny. 
Not all possible combinations were made, but enough were completed in 
every case to be certain of the genotypes. The plants within each progeny 
were classified into groups before the seed was obtained. Three days after 
each cross was made, i t  was noted as being compatible or incompatible on 
the basis of whether or not the pedicels had reflexed (ATWOOD 1940). In 
every case, however, this classification by pedicel reflection was confirmed 
with observations on seed-set. Since the plants continued to flower after the 
matings within progenies were completed, it was possible to use the same 
pots for the inter-group crosses and in this way to accomplish as many 
crosses in one flowering season as might require two seasons using some 
other species. 

The segregations into intra-sterile, inter-fertile groups in the 27 F1 
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CROSS-INCOMPATIBILITY IN TRIFOLIUM 335 
progenies are shown in table I. In  all but one progeny, two groups were 
found. It is concluded that 26 of the 27 parents each carried two different 
alleles-that is, they were heterozygous instead of homozygous for S fac- 
tors. Since only five plants were tested in the progeny yielding only one 
group, it is highly probable that the parent involved here was also hetero- 
zygous. This conclusion appears more certain when one considers the fact 
that plants homozygous for S factors have never been found occurring nat- 
urally among the many tested in genetic and breeding studies. 

TABLE I 

Segregations into intra-sterile, inter-fertile groups obtained in FI  populations. 

NO. OF PI FAMILIES SEGREGATING AS FOLLOWS: 
EXPERIMENT 

No. 4 5 8 
Total 

3:1  2 : 2  5 : 0  4: I 3:2 5:3 

1st series 2 I I 2 4 I O  
2nd series 4 5 7 I 17 

Total 2 5 I 7 I 1  I 27 

Since the homozygous parent plant used in the original crosses was of the 
constitution SISI, and therefore all F1 plants bore the gene SI, it was pos- 
sible by crossing any two groups to test for the identity of the second S fac- 
tor which each of these groups carried. An incompatible mating between 
any two groups indicated that the alleles being tested were the same, 
whereas a compatible cross indicated they were different. Similarly, when 
the homozygous plants were crossed as males with either the parent plants 
or the two respective F1 groups, incompatibility indicated the presence of 
identical genes and compatibility indicated the presence of different genes. 

Diallel crosses were made between the Fl groups within each series, and 
the homozygous plants were crossed onto the F1 groups or parents of both 
series. All possible combinations were completed in each series, and 47 per- 
cent of the diallel crosses were tested reciprocally. In  general, no difficulty 
was experienced in distinguishing compatible from incompatible crosses. 
An average of 0.4 seeds per ten flowers was obtained from the 77 heads, in- 
cluding duplicates, used for incompatible crosses in the first series of 
plants, whereas the 376 compatible crosses made in this series averaged 
36.3 seeds per ten flowers. Likewise, in the second series the average for 176 
incompatible crosses was 0.3 seeds per ten flowers, while the average for 
the 1,023 compatible crosses was 33.1. Whenever an incompatible cross was 
expected on the basis of the failure of pedicel reflection, an attempt was 
made to repeat the cross and to make the reciprocal. In every case these 
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duplicates agreed with the original determination. Similarly, if the first 
seed-set from a compatible cross was low because of disease, poor pollina- 
tion, or mechanical injury, the cross was repeated or made reciprocally 
wherever possible, so that in none of the compatible crosses was the final 
seed-set so low that classification as compatible or incompatible was un- 
certain. 

All F1 groups were crossed as females with SISI to check on possible con- 
taminants. In every case this mating failed, indicating that all F1 plants bore 
SI and therefore must have resulted from legitimate pollination. With this 
type of study, it is essential, of course, to know that the groups being 
crossed do carry one S factor in common. 

From the ten parent plants in the first series, 19 F1 groups were obtained. 
When diallel crosses were made, only one combination was incompatible. 
One of the genes from the Charles County, Md., plant proved to be the 
same as one from the Pennsylvania plant. With this series, all matings with 
the six homozygous plants were compatible. Altogether, 26 genes were 
tested and 25 of them (96 percent) proved to be different. 

In the second series of plants, six of the diallel matings and one of the 
matings with the homozygous plants proved to be incompatible. From the 
1 7  parent plants, 34 Fl groups were obtained, and each of these or their 
heterozygous parent was crossed with the six homozygous plants. Of the 41 
alleles tested in this series, 34 (83 percent) proved to be different. Two 
genes from seeds collected in the same pasture a t  Somerville, N. J., were 
the same, but in every other case the identical genes were found in plants 
that probably were not closely related. The following list shows the source 
of the other identical genes: Somerville, N. J.-Washington, N. J.; Somer- 
ville, N. J.-Missouri; Somerville, N. J.-Ladino ; Missouri-Ladino ; 
Missouri-Ladino ; Washington, N. J.-New York. 

The last pair on the list were found by testing with a homozygous plant. 
In no case did more than two genes prove to be the same. 

DISCUSSION 

The most striking feature of the results reported here is the large number 
of different allelomorphs found. Except for oppositional factors of the per- 
sonate type, no other character in any plant or animal is known by the 
writer in which so high a proportion of the alleles obtained from random 
sampling has proved to be different. The proportion of different alleles 
found in these plants of white clover is considerably higher than that found 
by EAST and YARNELL (1929) in tobacco, but it is about the same as that 
found by WILLIAMS (1937, 1941) in red clover. EAST and YARNELL con- 
cluded that although other S factors may exist, “they are probably few in 
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number and presumably rare.” The higher total number as well as higher 
proportion of different alleles found in white clover, however, suggest that 
the total number existing in nature is very much larger than the number 
already found. There was a somewhat higher percentage of different alleles 
in the first series of ten plants than in the second series of 17, but this dif- 
ference is small enough to be of questionable significance. The chance of the 
parent plants being related was somewhat more remote in the first series 
than in the second, but one cannot be certain from the present results that 
this is the only cause of the different percentages. 

There seems to be little question that the different factors tested in this 
material are really multiple alleles. The best evidence is the regular segre- 
gation into two groups in each FI progeny. EAST and YARNELL (1929) dis- 
cussed in some detail the nature of these multiple alleles, but they did not 
know of such large numbers as exist in white clover. The chances for the 
persistence of local deviations may be especially good in a perennial plant 
like white clover, and because of its ubiquitous nature, the total number of 
alleles may have become very large. In no case has any adverse effect been 
noted on plants bearing a particular allele. Because of this, there may not 
be any selection against new alleles when they are formed. On the contrary, 
new alleles would appear to be favored in selection since they would pro- 
mote cross-fertilization with its resultant hybrid vigor. WRIGHT (1939) has 
given methods for estimating the number of alleles in a population. From 
this it can be inferred that the total number in white clover is large. 

With these plants of white clover, the difference between compatible and 
incompatible crosses was distinct in every case, so that little difficulty was 
experienced either in separating the two groups within each FI progeny or 
in deciding on the total number of different genes. Difficulties were en- 
countered by EAST and YARNELL (1929) in classifying within families, but 
their families were much larger than those used in white clover. Of major 
assistance in all this work were the facts that the degree of pedicel reflection 
was an accurate measure of how well seed was setting and that the same 
plant could be used for several matings. If there was any question about 
compatibility, the cross could be repeated immediately to  check on the 
cause of the questionable results. 

The most important application of these results appears to be that cross- 
incompatibility between unrelated plants of white clover should be ex- 
pected very rarely. In any breeding program, it is important, of course, to 
know the degree of free intercrossing which is to be expected. Crossing 
within families of white clover will necessarily result in some incompatibil- 
ity, but the more remote the relation, the less often will incompatibilities be 
found. 
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SUMMARY 

Two series of Trifolium repens plants (ten and 17 individuals, respec- 
tively) were compatible as females with a plant homozygous for opposi- 
tional alleles (SISI). In 26 of the 27 resultant F1 progenies of four to eight 
plants each, two intra-sterile, inter-fertile groups were found, while in the 
other progeny only one group was found. 

Within each series, diallel crosses were made for all F1 groups, and each 
F1 group or its heterozygous parent was crossed as a female with six plants, 
homozygous respectively for six other alleles. Incompatible matings indi- 
cated that the two alleles being tested were identical. Of the 26 alleles 
tested in the first series, 2 5  (96 percent) proved to be different, and in the 
second series 34 (83 percent) of the 41 were different. 
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