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Abstract The Endosperm Balance Number (EBN) and 
the polar-nuclei activation (PNA) hypotheses have 
been developed to interpret, explain and predict inter- 
specific and interploidy crossabilities in the Solanums 
and the Gramineae, respectively. Although these two 
hypotheses evolved independently, they share a number 
of common features. Assignment of EBNs and 'activa- 
tion/response values' (AVs/RVs) depend on plumpness, 
size, and germinability of hybrid seeds. Also, both hy- 
potheses emphasize the importance of a balanced pa- 
rental genic contribution for the normal development of 
endosperm. However, in the EBN hypothesis a 2 ma- 
ternal: 1 paternal EBN ratio is a prerequisite for success- 
ful interspecific crossability, while the PNA hypothesis 
is based on the stimulative strength of the male nuclei to 
initiate mitotic divisions in the primary endosperm nu- 
cleus and is idependent on a 2: 1 ratio between the RV of 
the polar nuclei and the AV of the male gamete. Dif- 
ferences and similarities betweeen the EBN and PNA 
hypotheses are summarized and contrasted. It is pro- 
posed that EBN and PNA be considered as the same 
concept. 
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Introduction 

In many interspecific crosses, normal development and 
viability of hybrid seed can be inhibited by either pre- or 
post-fertilization barriers. The former include any in- 
compatibility or incongruity mechanisms that prevent 
fertilization at any stage, from deposition of pollen 
grains on stigmas to the union of sperm nuclei with the 
egg cell and the polar nuclei cells. These phenomena and 
their genetic control systems have been described by de 
Nettancourt (1984). Post-fertilization barriers include 
any blocking or breakdown events following double 
fertilization. 

Brink and Cooper (1947) established the concept that 
the primary cause of seed failure after double fertili- 
zation in interspecific crosses was due to endosperm 
breakdown. For normal endosperm development, 
Mtintzing (1930) proposed that a 2 maternal tissue:3 
endosperm: 2 embryo ploidy ratio was necessary, while 
Watkins (1932) suggested that a 3 endosperm: 2 embryo 
ploidy ratio was critical, and Valentine (1954) presented 
evidence that a 2 maternal tissue: 3 endosperm ratio was 
most important. However, yon Wagenheim (1957) indi- 
cated that endosperm function relied on its own consti- 
tution, independent of maternal tissue and/or embryo 
ploidy ratios. Nishiyama and Inomata (1966), based on 
cross-incompatibility studies in Brassicas and on earlier 
observations by Kihara and Nishiyama (1932), sug- 
gested that the sperm nuclei possess a "stimulative 
strength" to activate and initiate mitosis of the fertilized 
egg and polar nuclei. For normal development of endo- 
sperm, a 2 maternal: 1 paternal genomic ratio was found 
to be necessary, otherwise the activation balance was 
disturbed, leading to embryo abortion. 

Lin (1975, 1984), by utilizing inbred diploid maize 
lines carrying the indeterminate gametophyte (ig/ig) 
gene (Kermicle 1971), was able to demonstrate the im- 
portance of a 2 maternal: 1 paternal genomic ratio. The 
presence of the indeterminate gametophyte gene can 
result in multiple eggs or the production of extra polar 
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nuclei in the central cell. Lin (1975, 1984) reported that 
in (2x) ig/ig x (4x) Ig/Ig/lg/Ig crosses the frequency of 
triploid hybrids was 12%, in comparison to crosses 
using Ig/Ig females, where the frequency of triploid 
hybrid development was near zero. The triploid hybrid 
frequency increase was found to be due to normal 
endosperm development, which consisted of four ma- 
ternal and two paternal genomes (2: 1 ratio preserved). 
The extra two polar nuclei in the female gametophyte 
were formed due to the presence of the indeterminate 
gametophyte gene. In the same study, Lin was able to 
identify that three or possibly four genes, termed "endo- 
sperm factors", in the long arm of chromosome 10 
controlled endosperm development. Furthermore, Lin, 
by utilizing a 10-B translocation, obtained, in a single 
cross, two endosperms with the same chromosome 
make-up but differing in parentage for the long arm of 
chromosome 10 (10L). When all four 10Ls of the endos- 
perm were contributed by the female parent, the endos- 
perm was subnormal. However, normal endosperm was 
obtained when two out of the four 10Ls were contrib- 
uted by the male parent. Lin concluded that a maternal 
effect was unlikely to explain the differences in endos- 
perm development within a single ear and that the 
paternal source of 10L was responsible for the difference 
m endosperm growth. 

Although interspecific hybrid embryos can be res- 
cued from crosses showing postzygotic endosperm fail- 
ure, the importance of understanding the genetic control 
of endosperm balance for normal development and 
support  of embryo growth is apparent. Embryo rescue 
has been extensively used and described for immature 
embryos derived from such interspecific crosses that 
normally do not survive because of endosperm failure 
(Singsit and Hanneman 1991; Steward 1981; Watanabe 
et al. 1992; Williams et al. 1987). Two genetic systems to 
predict the outcome of interspecific crosses have been 
proposed. The Endosperm Balance Number (EBN) hy- 
pothesis was developed for SoIanum (Johnson et al. 
1980) and extended to Lycopersicon (Ehlenfeldt and 
Hanneman 1992) and Impatiens (Arisumi 1982), and is 
suggested to be present in alfalfa, beans, blueberries, rice, 
soybeans, forage legumes, grasses, ornamentals, and 
Datura (Ortiz and Ehlenfeldt 1992). The polar-nuclei 
activation (PNA) hypothesis was proposed for Arena 
species (Nishiyama and Yabuno 1978) and the 
Triticinae (Nishiyama 1983). The objective of this paper 
is to summarize, explain, compare, and contrast these 
two hypotheses. 

Endosperm Balance Number Hypothesis 

Research directed at studying the triploid block 
(Johnston 1980) and the results from Lin's research 
work (1975) inspired potato researchers at the Univer- 
sity of Wisconsin-Madison to develop the Endosperm 
Balance Factor (EBF) hypothesis for successful inter- 
specific potato hybridization (den Nijs and Peloquin 

1977; Johnston and Hanneman 1978). The EBF hypoth- 
esis was developed by Johnston and amplified by den 
Nijs and Peloquin (Johnston et al. 1980). According to 
crossing behaviour, each set of chromosomes had 1EBF; 
thus, diploids had 2EBFs and tetraploids had 4EBFs. 
For normal development a 2 maternal: lpaternal EBF 
ratio was a necessity in the endosperm. However, Mexi- 
can tetraploids and Solanum acaule (2n = 4x = 48) 
were assigned an EBF of 2 due to unusual crossing 
results. 

The EBF evolved into the EBN hypothesis (Johnston 
et al. 1980). It soon became apparent that the EBN of a 
species did not correlate with its ploidy. Thus, initially 
Solarium chacoense (2x) was chosen as a crossing stan- 
dard with an EBN of 2 (Johnston and Hanneman 1980). 
The rest of the Solarium species were assigned EBNs 
depending on their crossability results with 2x (2EBN)S. 
chacoense, colchicine-doubled 4x(4EBN) S. chacoense 
and with each other. An incomplete diallel crossing 
block was initiated by Johnston and Hanneman (1980) 
to identify EBNs for a total of 29 diploid, triploid, 
tetraploid, pentaploid and hexaploid potato lines. A 
cross was considered successful if "it averaged ten or 
more plump seeds per fruit and the chromosome count 
and/or morphology of the off-spring indicated hybrid- 
ity". A cross was considered a failure if "the fruit had 
aborted seeds, or in crosses where no fruit was set, the 
styles showed many pollen tubes had reached the 
ovary". Hybrid ploidy was verified by chromosome 
counts. Every species that successfully crossed with 
diploid S. chacoense was assigned an EBN of 2. An EBN 
of 4 was assigned to species successfully crossed with 
colchicine-derived tetraploid S. chacoense. As a result, a 
number of diploid and some tetraploid clones were 
assigned an EBN of 2, while other tetraploid, all penta- 
ploid, and a l l  hexaploid clones were designated as 
4EBN. A rare triploid clone derived from a tetrap- 
loid x diploid S. chacoense cross had an EBN of 3, the 
average of its parental EBNs. Assuming that the factors 
(genes) determining EBN were on one or only a few 
chromosomes, it was expected that the triploid would 
cross with both of its parents, due to random segrega- 
tion of chromosomes during meiosis, which it did. In 
another study, several diploid 1EBN species were identi- 
fied (Johnston and Hanneman 1982). The consistency of 
the EBN hypothesis was demonstrated by the assign- 
ment of a single EBN per species. The EBN hypothesis 
also serves as a selective screen for functional 2n gametes 
in potato (Johnston et al. 1980), since viable hybrids 
from 4x (4EBN) x 2x (2EBN) can be obtained only if 
the diploid produces 2n gametes; thus, preserving the 
2: 1 EBN ratio in the hybrid endosperm. 

Combining knowledge on interspecific corssabilities 
gained through the EBN hypothesis and by utilizing 2n 
gametes, Ehlenfeldt and Hanneman (1984) were able to 
transfer and  incorporate exotic germplasm into the 
cultivated potato. After the chromosome number of the 
non-tuber-bearing 2x (1EBN) species Solanum brevidens 
was doubled (Johnston and Hanneman 1982), the result- 
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ing 2EBN tetraploid was crossed with 2x (2EBN) S. 
chacoense. The 3x (2EBN) hybrid obtained was pollin- 
ated by the 4x (4EBN) breeding line 'Wis AG 231', and a 
single seed was set. The seed germinated giving rise to a 
5x (4EBN) hybrid, derived from the fertilization of a 2n 
egg. Finally, the pentaploid was crossed with a number 
of 4x (4EBN) cultivars, and germinable hybrid seeds 
were obtained. The entire process was based on manipu- 
lating species EBNs and 2n gametes in order to preserve 
the 2 maternal: 1 paternal EBN ratio. 

The genetic control of EBN was described by Ehlen- 
feldt and Hanneman (1988) by using exceptional 2x (1 
1/2 EBN) hybrids from a 2x (1EBN) Solanum commer- 
sonii x 2x (2EBN) S. chacoense cross. A complete dia- 
llel, including the exceptional hybrids and their parents, 
was set up to observe viable to aborted seed ratios, 
which were then compared to predicted values. The data 
were best explained by a three unlinked loci model 
operating in a threshold-like system. It was also ob- 
served that an extra EBN maternal dosage produced 
viable seeds of reduced size, while any extra paternal 
dose resulted in seed abortion. Thus, although maternal 
and paternal EBN genes appear to be identical, their 
behaviour is different and a specific balance is required 
for normal seed production. 

Endosperm Balance Number has also been used for 
evolutionary studies in potato (Hawkes and Jackson 
1992). A good correlation between EBN and the postu- 
lated evolution and present taxonomy of potatoes was 
reported, although EBNs have been determined for only 
about 50% of the described tuber-bearing Solanums 
(Table 1) (Hanneman 1983; 1994; Hawkes and Jackson 
1992). Mexican diploid species, which are considered the 
most primitive of the wild potato species, all have an 
EBN of 1, except 2x (2EBN) Solanum verrucosum. Their 
EBNs are considered to be under the same genetic 
control as those of the South American 2x (1EBN) 
species S. commersonii (Bamberg and Hanneman 1990). 
It is postulated that the 2EBN condition arose in South 
America as an isolating mechanism, during the evol- 
ution of the Series Yungasensa species from S. commer- 
sonii (Hawkes and Jackson 1992). The EBN hypothesis 
has also been extended to Lycopersicon species (Ehlen- 
feldt and Hanneman 1992), where the EBN values in the 
"peruvianum group" may be approximately double that 
of the "esculentum group". 

Polar-Nuclei Activation Hypothesis 

A number of authors have tried to interpret and explain 
the results of interspecific and interploidy crosses in the 
Gramineae (Thompson 1930; Kihara and Nishiyama 
1932; Wakakuwa 1934; Boyes and Thompson 1937). 
The general observation was that germinable seeds were 
recovered from interploidy crosses only when the spe- 
cies with the higher chromosome number was used as 
the female parent. In the reciprocal crosses, although 
more seeds were produced, the seeds were shriveled and 

Table 1 Endosperm Balance Numbers for potato (Solanum) species 
(from Hanneman 1994; Hawkes and Jackson 1992) 

Ploidy EBN Species 

2x 1 

2x 2 

4x 2 

4x 4 

6x 4 

S. brachisto~richum, S. brevidens, 
S. bulbocastanum, S. capsicibaccatum, 
S. cardiophyllum, S. chancayense, 
S. circacifolium, S. commersonii, S. etuberosum, 
S. fernandezianum, S. jamesii, S. lignicauIe, 
S. mochiquense, S. pinnatisectum, 
S. stenophyllidium, S. trifidum 

S. abancayense, S. acroglossum, S. amabile, 
S. ambosinum, S. berthaultii, S. brevieaule, 
S. boliviense, S. bukasovii, S. canasense, 
S. chacoense, S. chomatophilum, S. x doddsii, 
S. gandarillasii, S. gourlayi, S. huancabambense, 
S. infundibuliforme, S. kurtzianum, S. laxissimum, 
S. leptophyes, S. marinasense, S. medians, 
S. megistacrolobum, S. microdontum, 
S. multidissectum, S. multiinterruptum, 
S. pampasense, S. pascoense, S. paueissectum, 
S. raphanfolium, S. sanctae-rosae, 
S. sogarandinum, S. sparsipilum, S. spegazzinii, 
S. tarijense, S. tuberosum (Groups Phureja and 
Stenotomum), S. venturii, S. vernei, 
S. verrucosum, S. violaceimarmoratum, 
S. weberbaueri 

S. acaule, S. agrimonifolium, S. colombianum, 
S. fendleri, S. hjertingii, S. oxycarpum, S. papita, 
S. paucijugum, S. polytrichon, S. stoloniferum, 
S. tuquerrense 

S. curtilobum, S. gourlayi, S. x sucrense, 
S. tuberosum (Groups Andigena and Tuberosum) 

S. albicans, S. brachycarpum, S. demissum, 
S. guerreroense, S. hougasii, S. iopetalum, 
S. moscopanum, S. oploeense 

failed to germinate. Kihara and Nishiyama (1932) inter- 
crossed diploid, tetraploid, and hexaploid Arena species 
to study their crossabilities, the development of the 
embryos, and the chromosome pairing in the hybrids. 
From 143 diploid x tetraploid crossing attempts, 90 
seeds were obtained, but none germinated. However, 
from 439 tetraploid x diploid pollinations, 136 seeds 
were obtained with 83% germinability. Similar results 
were recorded in diploid x hexaploid crosses and their 
reciprocals, and by Wakakuwa (1934) for Triticum reci- 
procal crosses. 

Based on morphological and anatomical observa- 
tions, Kihara and Nishiyama (1932) indicated that the 
differences in hybrid seed development were not asso- 
ciated with the chromosome number of the male nuclei 
and the egg or polar nuclei, but rather with an "activa- 
ting stimulus" carried by the male nuclei that has the 
ability to induce nuclear divisions in the egg (to form the 
embryo) and in the polar nuclei (to develop the endo- 
sperm). 

In most angiosperms, three major events lead to the 
development of seeds:(a) double fertilization, (b) initi- 
ation of mitotic divisions in the zygote and the primary 
endosperm nucleus, and (c) differentiation of the embryo 
and endosperm. Initiation of mitotic activity is presum- 



ably triggered by the interactions of the male nuclei with 
the egg and the polar nuclei (Nishiyama and Yabuno 
1978, 1979). In the absence of the male nuclei, the ovule 
remains in a suspended developmental state. In intra- 
specific pollinations, the egg and the polar nuclei har- 
moniously interact with the male nuclei, leading to the 
normal development of seed. In interspecific crosses, this 
balanced interaction can be distorted due to the hyper- 
or hypo-activating action of the male nuclei, leading to 
disturbances in the physiology of embryogenesis. Thus, 
depending on the interaction strength between the polar 
nuclei and the male nucleus, interspecific crosses can 
result in:(a) overgrowth of the endosperm, when the 
stimulative strength of the male nucleus is too strong, (b) 
normal endosperm development (balanced interaction), 
of(c) slow and poor endosperm development due to the 
weak stimulative action of the male nucleus (Kihara and 
Nishiyama 1932). Since mitotic activity first starts in the 
primary endosperm nucleus, followed by the zygote, an 
early dependency of the embryo on endosperm develop- 
ment can be assumed (Lopes and Larkins 1993). Rapid 
endosperm development is believed to be the result of 
"epihybridity", since the interaction between the sperm 
nucleus and the polar nuclei involve epistatic combina- 
tions of epigenetic variation (Kermicle and Alleman 
1990). 

For 34 years the idea of the activating stimulus 
presented by Kihara and Nishiyama (1932) remained 
unexplored, until another study on cross-incompatibil- 
ity between 2x and 4x Brassicas was conducted by 
Nishiyama and Inomata  (1966). Hybrid seeds from 
crosses between autotetraploid Brassica pekinensis and 
diploid Brassica chinensis, sharing the same genome, 
were obtained only when the autotetraploid was used as 
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female. Embryological events were similar to those de- 
scribed for Arena. Finally, the hypothesis of polar-nuclei 
activation (PNA) was proposed by Nishiyama and 
Yabuno (1978) to explain the diverse results of Arena 
interspecific crosses. The degree of the egg or polar 
nuclei activation is expressed by the 'activation index' 
(AI), which is the ratio of the 'activating value' (AV) of 
the male nucleus to the 'response value' (RV) of the egg 
or the two polar nuclei. In a self-pollinated plant 
AV = RV, and the 

AI of the egg = (AV/RV) x 100 = 100%, and the 

AI of the polar nuclei = (AV/2RV) x 100 = 50% 

The AVs are probably controlled by functional gene(s) 
called "activator(s)" (Nishiyama and Yabuno 1978, 1979). 

Nishiyama and Yabuno (1978), using a dialM cross 
involving nine Arena species, classified the hybrid seeds 
according to germinability and kernel size into four 
classes : (a) small inviable kernels (Rd-), (b) small viable 
kernels (Rd +), (c) normal viable kernels (D +), and (d) 
shrivelled-empty inviable kernels (E-). They also arbi- 
trarily assigned Arena strigosa as a standard, with an 
AV = 1.0. Based on hybrid seed development and 
viability, AVs were assigned to eight other species 
(Table 2). The relationship between the kernel type and 
the AI of the polar nuclei was defined as follows : (a) 
AI < 20% - kernel type Rd-, (b) 20% < AI < 30% 
kernel type R d + ,  (c) 30% < AI < 8 0 % - k e r n e l  type 
D +,  and (d) 80% < AI - kernel type E- (Table 3). Thus, 
germinable kernels are obtained when the AI is between 
20% and 80% although kernels are small when the AI is 
between 20% and 30%. 

In an effort to alter crossabilities between Arena 
species, Nishiyama and Yabuno (1983) doubled the 

Table 2 Activating/Response 
Values (AV/RV) for Arena 
species 

Ploidy Species Genome AV/RV References 

2x A. strigosa A~A s 1.0 Nishiyama and Yabuno 1978 
A. ventricosa CvC v 0.4 Nishiyama and Yabuno 1978 
A. eriantha CpCp 0.5 Nishiyama and Yabuno 1978 
A. clauda CpCp 0 . 4 5  Nishiyama 1984 
A. hirtula A~A~ 0.9 Nishiyama and Yabuno 1978 
A. prostrata ApAp 0.8 Nishiyama 1984 
A. damascena AdA d 0 . 9 5  Nishiyama 1984 
A. canariensis AoAo 0.8 Nishiyama 1984 
A. longiglumis AtA 1 1.7 Nishiyama and Yabuno 1978 

4x A. barbata AABB 1.9 Nishiyama and Yabuno 1978 
A. murphyi AACC 1.5 Nishiyama 1984 
A. maroccana AACC 1.4 Nishiyama 1984 

Autotetraploids 
A. hirtuIa AsA~AsA S 2.t Nishiyama and Yabuno 1983 
A. longiglumis AIAIAIA 1 3.3 Nishiyama and Yabuno 1983 
A. pilosa CpCvCpC p 0 . 8 5  Nishiyama and Yabuno 1983 

Interspecific hybrid 
A. hirtula x A. pilosa 1.4 Nishiyama and Yabuno 1983 

6x A. byzantina AACCDD 2.7 Nishiyama 1984 
A sativa AACCDD 2.8 Nishiyama and Yabuno 1978 
A.fatua AACCDD 2.9 Nishiyama and Yabuno 1978 
A. sterilis AACCDD 3.0 Nishiyama and Yabuno 1978 
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chromosome numbers of some diploid oat species with 
colchicine, giving autotetraploids. They found (Table 2) 
that when the chromosome number of a species is doubled, 
its corresponding AV is also nearly doubled, and its 
crossability is often altered. In the same study, an Arena 
hirtuIa (4x) x A. eriantha (4x) amphiploid was also 
obtained, and its AV was calculated to be the sum of its 
parental AVs. The AVs for seven additional Arena species 
(A. clauda, A. prostrata, A. darnascena, A. canariensis, A. 
murphyi, A. maroccana, A. byzantina) were also estimated 
by Nishiyama (1984) (Table 2). The AVs for the AC- 
genome species A. maroccana and A. murphyi were esti- 
mated to be 1.4 and 1.5, respectively, which is very close 
to the AV sum of A-genome and C-genome diploid species. 

To estimate the AV for a species, a set of dialM 
crosses with species of known AVs has to be established 
and the seed type obtained recorded. When the AV for 
one parent is known, a series of tentative AVs for the 
unknown parent can be assigned and the AIs for the 
endosperm calculated. Usually more than one AI cal- 
culated from different AVs will correspond to the kernel 
type. However, in a number of crosses, including recip- 
rocals, only one or two AVs will give good correspon- 
dence between AIs and the kernel type observed 
(Nishiyama and Yabuno 1983; Nishiyama 1984). The 
assignment of an AV for diploid A. clauda (Nishiyama 
1984) will serve as an example. This species was crossed 
with diploid species A. hirtula, A. ventricosa, A. eriantha, 
and tetraploid species A. barbara. In crosses between A. 
clauda and either A. hirtula (AV = 0.9) or A. barbara 
(AV = 1.9), the kernels were type E- (shrivelled-empty 
and inviable) (Table 3). Thus, the AI had to be more than 
80%. When A. clauda was crossed either to A. venticosa 
(AV = 0.4) or A. eriantha (AV = 0.5), normal type 
(D + ) kernels were obtained, indicating that the AI had 
to be close to 50% (Table 3). When AVs between 0.3 and 
0.7 were given for A. clauda, the best estimate based on 
the kernel type is 0.45. The larger the number of 
testcrosses, the more accurate the assigned AV will be. 

The same model hypothesis was extended for 
Triticum (Nishiyama 1979a), Aegilops (Nishiyama 
1979b), and the Triticinae (Nishiyama 1983). Three di- 
ploid, five tetraploid, and two hexaploid Triticum spe- 
cies were used in an incomplete diallel to determine their 
AVs (Table 4). Triticurn boeoticum was used as a stan- 
dard and was assigned an AV = 1 (Nishiyama 1979a). 
Diploid and tetraploid Aegilops species were also assig- 
ned AVs (Table 4), again using T. boeoticum as a stan- 
dard (Nishiyama 1979b). Intergeneric hybridizations 
were also made between Aegilops and Triticum, but the 
PNA hypothesis was only applicable to a few cases due 
to insufficient crossing data (Nishiyama 1981). More 
intergeneric hybridizations between Secale cereale and 
Triticum species, and between Triticale (6x) and rye (4x) 
or wheat (6x) were made to determine the AVs for rye 
and Triticale. According to crossability results, diploid 
rye was assigned an AV = 2.7 and 4x and 6x Triticales 
were assigned AVs of 3.6 and 4.4, respectively. The AVs 
for 4x and 6x Triticales correspond to the AV sums of 

Table 4 Activating~Response Values (AV/RV) for Triticum and 
Aegilops species 

Ploidy Species Synonyms a Genome b AV/RV 

2 x T. monococcum AA 0.9 
T. boeoticum 1.0 
T urartu 0.5 

Ae. squarrosa I7. tauschii DD 0.6 
Ae. uniaristata T. uniaristata U n g  n 0.7 
Ae. umbellulata T. umbelIulatum U U  0.9 
Ae. comosa T. comosurn MM 1.1 
Ae. caudata T. dichasians CC 1.4-(1.7) 
Ae. speltoides T. speltoides SS 1.5 

4x  T. timophevii AAGG 1.5 
T. pyramidale AABB 1.6 
T. tur qidum AABB 

T. dicoccoides 1.7 
T. dicoccum 1.7 
T. durum 1.75 

Ae. ventricosa T. ventricosum DDUnU n 1.6 
Ae. ovata T. ovatum U U M M  1.65 
Ae. triaristata T. triaristatum U U M M  2.1 
Ae. cyIindrica T. cyIindricum CCDD 2.2 
Ae. triuncialis T. triunciale UUCC 2.2 

6x  T. aestivum AABBDD 3.0 
T. spelta 2.9 

a Synonyms based on nomenclature by Kimber and Sears (1987) 
b Genome designations by Kimber and Sears (1987) 

Triticum monococcum (AV = 0.9) and S. cereale 
(AV = 2.7) for the former, and of 4x wheat (AV = 1.7) 
and S. cereale (AV = 2.7) for the latter (Nishiyama 
1983). Thus, the AVs can be used to imply the evolution- 
ary progression of a species. 

Discussion 

In an effort to predict the outcome of interspecific 
crosses, two independent but parallel hypotheses have 
evolved, the Endosperm Balance Number (EBN) hy- 
pothesis for the tuber-bearing Solanums and their close 
non-tuber-bearing relatives (Johnston et al. 1980), and 
the polar-nuclei activation (PNA) hypothesis for the 
Gramineae (Nishiyama and Yabno 1978; Nishiyama 
1983, 1984). Both were introduced in the late 1970s and 
evolved during the following years. 

The PNA hypothesis was proposed in order to ex- 
plain the results of interspecific crosses and their recip- 
rocals and was based on "... an advanced hypothesis of 
an opinion of Kihara and Nishiyama..." (Nishiyama and 
Yabuno 1978). Nishiyama tried to provide evidence for 
the  existence of a stimulative action of the male nuclei 
for initiation of mitotic divisions in embryo and endo- 
sperm development through embryological studies. 
However, Lin (1975, 1984), by utilizing the indetermi- 
nate gametophyte (i9) gene (Kermickle 1971), was able 
to demonstrate the importance of an imprinting 
genomic balance (2 maternal: 1 paternal) for normal 
endosperm development in maize. He further demon- 
strated that when chromosome arms of paternal origin 
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were missing from the endosperm, a reduction in kernel 
size resulted, and replacement of the missing arms by 
those of maternal origin did not eliminate this defect. 
Based on activity differences between maternally and 
paternally derived genomes, chromosones, or even 
genes, Kermicle and Alleman (1990) reported that many 
aspects of endosperm development could be controlled 
by diffierentially imprinted genes. The EBN hypothesis 
is essentially an expansion of the 2 maternal: 1 paternal 
genomic ratio value. However, the genome of each species 
is assigned an EBN, and it is the EBN in the endosperm 
that must be in a 2 maternal: 1 paternal ratio. 

A number of similarities exist between the two hy- 
potheses. Assignment of species' EBNs or AVs are based 
on interspecific crossabilities using principally S. 
chacoense (2EBN) for potato and A. strigosa (AV = 1.0) 
for oats as standards. A single value is assigned to each 
species in each genus. Plumpness, size, and germinabil- 
ity of hybrid seed are all important characteristics for 
assigning EBNs and AVs. Ploidy of the progeny is also 
important in determining EBN. In hybrid potato seeds, 
the number of viable seeds per fruit is actually counted, 
since the endosperm is difficult to evaluate, while in oats 
the endosperm development is scored. On the basis of a 
species' EBNs and AVs, predictions can be made on the 
success or failure of an interspecific cross, even if there is 
no previous crossability knowledge (Table 3). Further- 
more, species can be manipulated by altering their 
ploidy levels to overcome endosperm collapse and ob- 
tain interspecific hybrid seeds (Johnston and Hanneman 
1980, 1982; Nishiyama and Yabuno 1983; Ehlenfeldt 
and Hanneman 1984). In this way, exotic germplasm 
can be transferred to the cultivated species. Both the- 
ories give consistent and reproducible predictions for 
species crossabilities. 

Although the foundation (predictability of crosses) 
and principle (endosperm development) for both hy- 
potheses are the same, the EBN focusses on the 2 
maternal: 1 paternal ratio in the endosperm, while the 
PNA is based on the stimulative strength of the male 
nuclei to initiate mitotic dividions in the primary endo- 
sperm nucleus. Thus, the PNA hypothesis adds another 
level of complexity by introducing the 'activation index' 
(AI), with which success and/or failure of reciprocal crosses 
can be explained. For example, in A. sativa (RV = 2.8) 
x A. murphyi (AV = 1.5), the AI = 27%, and thus the 

kernel will be small but viable (kernel type Rd +). The 
reciprocal cross A. murphyi (RV = 1.5) x A. sativa 
(AV = 2.8) will have an AI = 93% and the kernel will 
be empty and inviable (kernel type E-) (Table 3). Nishi- 
yama and Yabuno (1978) reported that all 6 seeds obtain- 
ed from the former cross germinated, while all 38 seeds 
obtained from the latter cross failed to germinate. In the 
EBN hypothesis, however, differences in hybrid seed 
development in reciprocal crosses were explained as a 
directional effect due to dosage tolerance effects in the 
endosperm (Johnston 1980; Ehlenfeldt and Hanneman 
1988), where a slightly higher female EBN dosage might 
be tolerated, giving rise to smaller but viable seeds. 

Assignment of EBNs and AVs is based on species 
crossabilities. Assigned EBNs of potato are whole 
numbers because an interspecific cross will either pro- 
duce hybrid seed (2 maternal: l  paternal EBN ratio 
preserved) or not (2 maternal: l  paternal EBN ratio 
violated). Whenever the 2:1 ratio was violated and 
hybrid seed was produced, it was an indication of 2n 
gametes functioning (Johnston et al. 1980). The genetics 
of EBN has been studied by Ehlenfeldt and Hanneman 
(1988), who proposed that three unlinked loci operating 
in a threshold-like system control EBN. It has also been 
demonstrated that the EBN of North American species 
is under the same genetic control as that of the South 
American species (Bamberg and Hanneman 1990). Acti- 
vating values in the PNA hypothesis are usually integers 
because the hybrid seeds produced from an interspecific 
cross are classified in four categories. They also have to 
fall in the corresponding AI range depending on their 
morphological description. No genetic system has been 
identified yet for Arena, although Nishiyama and Yabuno 
(1978, 1979) refer to the presence of"activator gene(s)". 

The EBN hypothesis (Johnston et al. 1980) and the 
PNA hypothesis (Nishiyama and Yabuno 1978) seem to 
be the same biological concept described by two differ- 
ent groups independently investigating the crossing re- 
lationships of species using different crops and related 
species. Oat lends itself to the determination of seed 
characteristics because of its large seededness, but less so 
to crossing success because of the limitation of obtaining 
a maximum of one seed per pollination. In potato, one 
pollination yields a fruit with many seeds, so seed set is a 
relevant measure, but seed size is small and less amen- 
able to analysis. Therefore, in potato, the EBN concept 
embraces a broad grouping of species based on their 
crossability (seed set), while in oats, the PNA concept 
deals with the crossability of individual species and is 
concerned with the condition of the seed produced. 
EBNs must be in a 2 maternal: 1 paternal relationship in 
the endosperm for normal seed development, just as the 
PNA requires the AI of the polar nuclei to be in an 
acceptable range based on the ratio of 1 AV to 2 RVs for 
successful seed development. Although a 2 maternal: 1 
paternal EBN ratio for potato and an AI percentage 
between 30 and 80 for oats are necessary for normal 
hybrid seed development, they are not the only criteria 
for a successful interspecific cross. Other incompatibility 
barriers preventing fertilization might be present. How- 
ever, these two hypotheses provide a solid basis for 
explaining and predicting interspecific crossabilities. 

One can group oat species into four broad crossabil- 
ity groups on the basis of their AVs and crossing behav- 
iour and assign a different EBN for each group (Table 
3):Group 1 (1EBN) includes all oat species having AVs 
between 0.4 and 0.5; Group 2 (2EBN) represents species 
with AVs between 0.8 and 1.0; Group 3 (3EBN) includes 
all species with AVs between 1.4 and 1.9; and finally 
species having AVs between 2.7 and 3.0 are included in 
Group 4 (4EBN). Crossabilities between species within 
the same group, having the same EBN, are possible no 
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ma t t e r  which  species is used as the pol len source.  A 2 
ma te rna l :  1 pa te rna l  E B N  rat io  is preserved in such 
crosses. However ,  p r o d u c t i o n  of  hybr id  seed be tween 
species be long ing  to ad jacen t  g roups  is to le ra ted  only  
when  the species with the h igher  AV is used as the 
female. This  agrees with the obse rva t ion  of  Ehlenfeldt  
and  H a n n e m a n  (1988) tha t  an  extra  E B N  ma te rna l  
dosage  p r o d u c e d  viable seeds of  r educed  size (corre- 
s p o n d i n g  to R d  + hyb r id  oa t  kernels), while an  ext ra  
pa te rna l  dose resul ted in seed abor t ion .  Similarly, AVs 
cou ld  be ass igned to p o t a t o  species with the re levant  
de t e rmina t i on  of  seed condi t ion .  These  c o m m o n  points  
just ify viewing the E n d o s p e r m  Balance  N u m b e r  hy-  
pothes is  and  the po la r -nuc le i  ac t iva t ion  hypothes i s  as a 
single b io logica l  concept .  Analysis  of  existing and  addi-  
t ional  c ross ing  d a t a  will p rov ide  the c o r r e s p o n d i n g  
necessary  i n fo rma t i on  to  e x p a n d  this c o m m o n  concep t  
to o ther  genera  as well. 

Acknowledgement This work was supported in part by a grant from 
the US Department of Agriculture, Cooperative States Research 
Services, Biotechnology Risk Assessment Research Grants Program. 

References 

Arisumi T (1982) Endosperm Balance Numbers among New 
Guinea Indonesian Impatiens species. J Hered 73 : 240 242 

Bamberg JB, Hanneman RE Jr (1990) Allelism of Endosperm Balance 
Number (EBN) in Mexican tuber-bearing Solanum species. Theor 
Appl Genet 80:161-166 

Boyes JW, Thompson WP (1937) The development of the endosperm 
and embryo in reciprocal crosses in cereals. J Genet 34: 203-227 

Brink RA, Cooper DC (1947) The endosperm in seed development. 
Bot Rev 13:423-541 

Ehlenfeldt MK, Hanneman RE Jr (1984) The use of Endosperm 
Balance Number and 2n gametes to transfer exotic germplasm in 
potato. Theor Appt Genet 68:155-161 

Ehlenfeldt MK, Hanneman RE Jr (1988) Genetic control of Endo- 
sperm Balance Number (EBN): three additive loci in a threshold- 
like system. Theor Appl Genet 75 : 825-832 

Ehlenfeldt MK, Hanneman RE Jr (1992) Endosperm dosage relation- 
ships among Lycopersicon species. Theor Appl Genet 83 : 367-372 

Hanneman RE Jr (1983) Assignment of Endosperm Balance Num- 
bers (EBN) to the tuber-bearing Solanum species. Am Potato J 
60:809 810 (abstr) 

Hanneman RE Jr (1994) Assignment of Endosperm Balance Num- 
bers to the tuber-bearing Solariums and their close non-tuber- 
bearing relatives. Euphytica 74:19-25 

Hawkes JG, Jackson MT (1992) Taxonomic and evolutionary 
implications of the Endosperm Balance Number hypothesis 
in potatoes. Theor Appl Genet 84:180-185 

Johnston SA (1980) The role and nature of genic balance in endosperm 
development. PhD thesis, University of Wisconsin, Madison, Wis. 

Johnston SA, Hanneman RE Jr (1978) Endosperm Balance Factors in 
some tuber-bearing Solanum species. Am Potato J 55 : 380 (abstr) 

Johnston SA, Hanneman RE Jr (1980) Support of the Endosperm 
Balance Number hypothesis utilizing some tuber-bearing 
Solanum species. Am Potato J 57:7-13 

Johnston SA, Hanneman RE Jr (1982) Manipulations of Endosperm 
Balance Number overcome crossing barriers between diploid 
Solanum species. Science 217: 446-448 

Johnston SA, den Nijs TPN, Peloquin S J, Hanneman RE Jr (1980) 
The significance of genic balance to endosperm development in 
interspecific crosses. Theor Appl Genet 57: 5-9 

Kermicle JL (1971) Pleiotropic effects on seed development of the 
indeterminate gametophyte gene in maize. Am J Bot 58:1-7 

Kermicle JL, Alleman M (1990) Gametic imprinting in maize in 
relation to the angiosperm life cycle. Development [Suppl] 9-14 

Kihara H, Nishiyama I (1932) The genetics and cytology of certain 
cereals: III. Different compatibility in reciprocal crosses of Arena, 
with special reference to tetraploid hybrids between hexaploids 
and diploid species. Jpn J Bot 6:245-305 

Kimber G, Sears ER (1987) Evolution in the genus Triticum and the 
origin of cultivated wheat. In: Heyne EG (ed) Wheat and wheat 
improvement, 2nd edn. ASA, CCSA, SSSA Pub, Madison, Wis., 
pp 154-164 

Lin BY (1975) Parentaleffects on gene expression in maize endosperm 
development. PhD thesis, University of Wisconsin, Madison, Wis. 

Lin BY (1984) Ploidy barrier to endosperm development in maize. 
Genetics 107:103-115 

Lopes MA, Larkins BA (1993) Endosperm origin, development, and 
function. Plant Cell 5 : 1383-1399 

Miintzing A (1930) Uber Chromosomenvermehrung in Galeop- 
sis - Kreuzungen und ihre phylogenetische Bedeutung. Hereditas 
14 : 153-172 

de Nettancourt D (1984) Incompatibility. In:Linskens I.IF, Heslop- 
Harrison J (eds) Encyclopedia of plant physiology: cellular inter- 
actions, vol. 17. Springer-Verlag, Berlin Heidelberg New York, pp 
624 639 

den Nijs TPN, Peloquin SJ (1977) The role of the endosperm in 
hybridization. Am Potato J 54:488-489 (abstr) 

Nisfiiyama I (1979a) Suggestive information on an interspecific cross- 
incompatibility system in Triticum. Wheat Inf Serv 49: 32-34 

Nishiyama I (1979b) An interspecific cross-incompatibility system in 
diploid and tetraploid Aegilops. Wheat Inf Serv 50:61-64 

Nishiyama I (1981) Aegilops - Triticum hybridization in view of PNA 
hypothesis. Wheat Inf Serv 52:39-41 

Nishiyama I (1983) The mechanism of abortive hybridization in 
Triticinae. In: Sakamoto S (ed) Proc 6th Int Wheat Genet Syrup. 
Maruzen, Kyoto, Japan, pp 1131-1137 

Nishiyama I (1984) Interspecific cross-incompatibility system in the 
genus Arena. Bot Mag Tokyo 97:219-231 

Nishiyama I, Inomata N (1966) Embryological studies on cross- 
incompatibility between 2x and 4x Brassica. Jpn J Genet 
41:27 42 

Nishiyama I, Yabuno T (1978) Causal relationships between the polar 
nuclei in double fertilization and interspecific cross-incompatibil- 
ity. Cytologia 43:453-466 

Nishiyama I, Yabuno T (1979) Triple fusion of the primary endo- 
sperm nucleus as a cause of interspecific cross-incompatibility in 
Arena. Euphytica 28:57 65 

Nishiyama I, Yabuno T (1983) A mechanism of the alteration of 
crossability in aritificial Arena polyploids. Jpn J Genet 58:51 57 

Ortiz R, Ehlenfeldt MK (1992) The importance of Endosperm Ba- 
lance Number in potato breeding and the evolution of tuber- 
bearing Solanum species. Euphytica 60:105 113 

Singsit C, Hanneman RE Jr (1991) Rescuing abortive inter-EBN 
potato hybrids through double pollination and embryo culture. 
Plant Cell Rep 9:475-478 

Stewart JMcD (1981) In vitro fertilization and embryo rescue. En- 
viron Exp Bot 21:301 315 

Thompson WP (1930) Shrivelled endosperm in species crosses in wheat, 
its cytological causes and genetical effects. Genetics 15 : 99-113 

Valentine DH (1954) Seed incompatibility. In: Proc 8th Int Bot 
Congr Sect 9 : 170-171 

Wagenheim yon KH(1957) Untersuchungen fiber den Zusammen- 
hang zwischen Chromosomenzahl und Kreuzbarkeit bei 
Solanum. Arten Z Ind Abst Vererbungsl 88:21-37 

Wakakuwa S (1934) Embryological studies on the different seed- 
development in reciprocal interspecific crosses of wheat. Jpn J Bot 
7:151 185 

Watanabe K, Arbizu C, Schmiediche PE (1992) Potato germplasm 
enhancement with disomic tetraploid Solanum acaule. I. Efficiency 
of introgression. Genome 35:53-57 

Watkins AE (1932) Hybrid sterility and incompatibility. J Genet 
25:125-162 

Williams EG, Maheswaran G, Hutchinson JF (1987) Embryo and 
ovule culture in crop inprovement. In: Janick J (ed) Plant breeding 
reviews, vol 5. Van Nostrand Reinhold, New York, pp 181-236 


