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Homosporous ferns are characterized 
by a life cycle that includes independent 
diploid and haploid phases. The haploid 
phase is represented by hermaphroditic 
gametophytes that produce both male 
and female gametes by mitotic divisions. 
Self-fertilization of an individual game- 
tophyte can occur when both types of 
gametes are produced simultaneously. 
Because only mitotic divisions are in- 

volved, all gametes produced by an in- 
dividual gametophyte have identical 
genotypes, and self-fertilization should 
result in the formation of completely 
homozygous diploid sporophytes in one 
generation of selfing. At the diploid lev- 
el, this system appears maladaptive in 
that no variability, aside from mutation, 
can be stored or released by the genetic 
system of a sporophyte once selfing has 
occurred (1). It has been proposed, how- 
ever, that homosporous ferns possess a 
polyploid genetic system in which ge- 
netic variability can be stored and re- 
leased in spite of selfing (2). Within such 
a system heterozygosity is maintained 
within duplicated loci that are located on 
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the cost of acquisition, or "sunk" cost, is not 
considered as a fixed cost. Average costs are 
computed as the sum of the cost of continued 
possession of the equipment (fixed costs) and di- 
rect operating costs (variable costs). In the re- 
gion of interest, regular and overtime variable 
costs are assumed to be linear functions of the 
patient load. Since the marginal costs of regular 
and overtime operation are computed as the de- 
rivatives of the respective variable costs, they 
are assumed to be constant in the region of inter- 
est. 

8. J. S. Balintfy, Proc. Inst. Manag. Sci. 6th Int. 
Meet. 2, 288 (1960). 

9. 0. Galbraith III and J. H. Morse, Manage. Ac- 
counting 54, 42 (1972). 

10. If a simplified "occupancy chart" is represented 
as a straight line with slope m and time period x 
then it can be shown that the proportionality 
constant K = 1/(2x2m). In reality, an occupancy 
chart can be described as a sequence of such 
straight lines. The computer simulations de- 
scribed in this report (see Figs. 3 and 4) are 
based directly on the "occupancy chart" shown 
in Fig. 2. No simplifying assumptions con- 
cerning the occupancy chart were made in the 
computations. 

11. When considering the decision to acquire a sec- 
ond machine, costs of acquisition as well as 
costs of continued possession must be consid- 
ered in the decision. Hence, in this analysis 
fixed costs (F) include both the cost of acquisi- 
tion and the cost of continued possession of the 
machine. 
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homoeologous (similar but not fully ho- 
mologous) chromosomes. In addition, 
although meiotic pairing occurs prefer- 
entially between homologous chromo- 
somes and does not result in segregation, 
the stored genetic variability is occasion- 
ally released when homoeologous pair- 
ing and subsequent segregation occur 
during meiosis (2, 3). 

Evidence for this type of system in 
ferns has been primarily cytological (4- 
6). However, a study of the genus Cera- 
topteris has provided genetic evidence 
showing that a duplicated locus and seg- 
regation through homoeologous pairing 
occurs within a polyploid inbred homo- 
sporous fern (3). In this study, a model 
was formulated showing that the fre- 
quency of homoeologous pairing within a 
duplex heterozygote tetraploid sporo- 
phyte (for example, AAaa) could be de- 
termined by multiplying the frequency 
of double recessives (aa) segregating in 
the gametophyte generation by a factor 
of 4 (7). An additional and expanded 
study of this behavior, which demon- 
strates the presence of homoeologous 
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pairing involving an identical duplicated 
locus in two inbred lines of the fern 
Ceratopteris thalictroides, is reported 
here. In addition, the study shows that in 
an intraspecific F, hybrid involving the 
two inbred lines the levels of homoe- 
ologous pairing and segregation are 
greatly increased. 

Two inbred lines, 230Xn and 2051, of 
tetraploid C. thalictroides (2n = 154) 
were used (8). Both stocks were pro- 
duced by selfing isolated gametophytes 
that were obtained from the original 
spore collections. Although the resulting 
sporophytes were complete homo- 
zygotes in a diploid sense, each inbred 
line segregated for pale green game- 
tophyte mutants at low frequencies 
(Table 1 and Fig. 1). The pale mutant 
gametophytes were phenotypically iden- 
tical in both lines. They grew very slow- 
ly, and frequently died under standard 
culture conditions on mineral nutrient 
medium. Pale gametophytes that reached 
sexual maturity on mineral nutrient 
medium produced pale sporophytes when 
selfed, but the pale sporophytes could 
not be grown to maturity. 

The observed segregation in the game- 
tophyte generation can be explained by 
assuming that the sporophytes were 
duplex heterozygotes (AAaa) for a locus 
affecting gametophyte pigmentation and 
that homoeologous pairing released the 
variability stored within the duplicated 
locus. Thus, according to the model (3), 
homozygous (AA) and heterozygous 
(Aa) green gametophytes and homo- 
zygous (aa) pale gametophytes were 
present in the gametophyte generations 
(Fig. 1). The segregation frequencies of 
the double recessive mutants, 1.57 per- 
cent for 230Xn and 0.67 percent for 2051, 
indicate levels of homoeologous pairing 
of 6.28 and 2.68 percent, respectively. 
Homozygous green gametophytes (AA) 
were presumably present at the same 
low frequencies, but they were pheno- 
typically indistinguishable from the het- 
erozygous green types. 

In addition to segregating for the pale 
gametophyte mutant, line 230Xn also 
segregated for a previously reported 
gametophyte mutant that produced non- 
motile spermatozoids (4). Gametophytes 
with nonmotile spermatozoids could not 
self, although they possessed functional 
archegonia with viable eggs. Intra- 
specific crosses between the two inbred 
lines were obtained by using swimming 
spermatozoids from green gametophytes 
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230Xn line. The resulting intraspecific F, 
hybrids were morphologically indis- 
tinguishable from the parents, but, be- 
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Homoeologous Chromosome Pairing: Frequency Differences in 

Inbred and Intraspecific Hybrid Polyploid Ferns 

Abstract. The homosporous fern Ceratopteris thalictroides (Parkeriaceae) has 
evolved a polyploid genetic system that serves to store and release genetic variability 
in spite of self-fertilization and Mendelian homozygosity. This is demonstrated by the 

segregation of a gametophyte mutant within two inbred tetraploid lines and in their 

intraspecific hybrid. The segregation behavior can be explained by a model involving 
a duplicated locus and regular homoeologous chromosome pairing. Homoeologous 
pairing occurs at low levels in the inbred lines and at a high level in the hybrid, 
indicating intraspecific differences in chromosome pairing affinities. 
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cause they were produced on the 230Xn 
mutant gametophytes in the presence of 
2051 spermatozoids, their hybrid origin 
was certain. The fertility of the hybrids 
was 32.1 percent compared to a com- 
bined average spore viability of 82.8 per- 
cent in the inbred lines. The reduced 
spore viability in the hybrids may have 
been associated with the frequent ap- 
pearance of one or two univalent chromo- 
somes during meiotic divisions. Similar 
behavior has also been observed within 
the 230Xn inbred line (4), and it is not 
apparently associated with segregation 
behavior described here. Otherwise, mei- 
osis in the hybrids was generally nor- 
mal with regular bivalent formation. The 
intraspecific hybrids segregated for the 
same mutants as the parents, but the pale 
gametophyte mutants were present at a 
much higher frequency of 13.2 percent 
(Table 1). If the hybrids are assumed to 
be duplex heterozygotes (AAaa) derived 
from crossing heterozygous green (Aa) 
2051 and 230Xn gametophytes (Fig. 1), 
the level of segregation indicates that 
homoeologous pairing in the hybrids oc- 
curred at a frequency of 52.8 percent. 

The extreme difference in segregation 
behavior between the inbred parents and 
the intraspecific hybrid can be explained 
by a tendency toward more random pair- 
ing in the hybrid with respect to the set 
of four chromosomes with which the 
locus is associated. For instance, if it is 
assumed that the 230Xn parent has con- 
tributed chromosomes 1A and 2a and that 
the 2051 parent has contributed chromo- 
somes 3A and 4a, random pairing within 
the hybrid would result in the formation 
of A/a pairs two-thirds of the time. This 
would result in a 1 AA :4 Aa :1 aa (16.7 
percent aa) segregation in the game- 
tophyte generation (3). The observed 
segregation frequency of 13.2 percent 
aa, however, indicates that these pairs 
formed only 52.8 percent of the time. 
Thus, although it approached random- 
ness, pairing occurred preferentially be- 
tween the chromosomes containing iden- 
tical alleles. In terms of homologies, the 
parents possessed fully homologous 
chromosomes as a result of inbreeding 
but homoeology within the set of four 
permitted a limited amount of pairing 
and segregation. In the hybrid, full 
homologies were not present within the 
set of homoeologous chromosomes al- 
though chromosome pairs 1A3A and 2a4a 
formed preferentially because of closer 
affinities. 

A small F2 population of five sporo- 
phytes was obtained by isolating and 
selfing green gametophytes that were 
generated from an F1 hybrid sporophyte. 
One of the F2 sporophytes did not segre- 
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Table 1. Segregation frequencies of pale green gametophytes and spore viabilities in C. thalict- 
roides sporophytes. 

Gameto- Frequency Spore 
Sporophyte phytes of pale (aa) viability 
generation scored gametophytes (% germi- 

(No.) (%) nation) 

Parent 2051 AAaa 1200 0.67 92.1 
Parent 230Xn AAaa 637 1.57 73.5 
F, hybrid AAaa 1000 13.20 32.1 
F2 generation* AAaa 1200 1.16 95.0 
Pale x green cross Aaaa 400 47.00 30.5 

*Four heterozygous sporophytes were tested for segre 

gate for pale gametophytes, and this was 
presumably derived from homozygous 
green (AA) gametophytes. The F2 sporo- 
phytes that segregated for the mutant 
were duplex heterozygotes derived from 
selfing heterozygous green (Aa) game- 
tophytes. These sporophytes segregated 
near the parental frequencies (Table 1), 
an indication that full homologies were 
restored within these sporophytes since 
they were the products of selfing. As a 
result, meiotic pairing was predom- 
inantly homologous while occasional 
homoeologous pairing resulted in the 
limited segregation of pale mutants. 

Confirmation that the same pale mu- 
tant was segregating within both of the 
inbred lines and within the intraspecific 

Inbred line 205Inbred line 23Xn 

spores 

GAMETOPHYTES 
pole green 
aa__ Aa AA 

Fig. 1. Segregation of pale gametophytes 
within two inbred lines of C. thalictroides 
and their intraspecific hybrid. Heterozy- 
gosity is maintained within a duplicated lo- 
cus and released through homoeologous 
pairing during meiosis. 

hybrid was obtained by hybridizing pale, 
presumably homozygous, gametophytes 
(aa) from the hybrid with green, presum- 
ably heterozygous, gametophytes (Aa) 
from line 2051. Hybridizations were pro- 
duced by growing pale gametophytes in 
axenic culture on the standard medium 
supplemented with 2 percent sucrose 
(9), conditions under which pale game- 
tophytes became green and grew readily. 
Some pale gametophytes grown in this 
fashion also contained the spermatozoid 
mutant and could not self. These game- 
tophytes were fertilized with spermato- 
zoids from green gametophytes of line 
2051. The resulting sporophytes were 
green and normal in appearance when 
grown on standard medium and, in ac- 
cordance with the model, were pre- 
sumed to be simplex heterozygotes 
(Aaaa). These sporophytes segregated 
for green and pale gametophytes at an 
observed ratio of 212 green : 188 pale. 
These results closely approximate the 
expected 1 Aa: 1 aa segregation of a sim- 
plex heterozygote if the two inbred 
stocks both contained the same mutant 
(X2 = 1.44; P = 0.2 to 0.3). Reciprocal 
crosses with heterozygous eggs from 
green gametophytes that contained the 
spermatozoid mutant and sperm from 
young pale mutants yielded similar re- 
sults. 

This study provides genetic evidence 
that demonstrates homoeologous chro- 
mosome pairing and the restricted seg- 
regation of an identical marker within 
two inbred lines of C. thalictroides. Pre- 
vious genetic demonstrations of homoe- 
ologous pairing have either not fully ex- 
plained the manner of inheritance within 
the investigated system (4, 6) or have in- 
bred lines that were initally derived from 
synthesized interspecific hybrids (3, 6). 
In my study, because both stocks had 
not been subject to any artificial hybrid- 
ization, it is likely that the previously re- 
ported genetic behavior also occurs un- 
der natural conditions. It is also evident 
that intraspecific differences in chromo- 
some pairing homologies exist within the 
species. Within each inbred line, full 
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homologies are present because of self- 
ing and, as a result, homoeologous pair- 
ing and segregation occur only occasion- 
ally. In the intraspecific hybrid, how- 
ever, full homologies are not apparent 
and pairing behavior approaches ran- 
domness within a set of four homoe- 
ologous chromosomes. Greater similar- 
ity is apparent between some of the 
homoeologous chromosomes, however, 
because the segregation ratios indicate a 
low level of preferential pairing between 
chromosomes carrying the same allele. 
The pairing behavior described above 
appears to depend primarily on the de- 
grees of homology rather than on genetic 
factors. For example, when full homo- 
logies were restored in the F2 generation 
by selfing gametophytes from the F1 hy- 
brid, normal pairing behavior was re- 
stored uniformly within the F2. In that 
cytological analyses have not shown the 
presence of multivalents in either the F1 
hybrid or within the inbred lines, the lim- 
itation of pairing to bivalent formation is 
evident. Whether this condition is a re- 
sult of genetic or physical restrictions on 
pairing behavior remains unknown. 

Intraspecific hybridization can be a 
significant force in promoting the release 
of stored variability within the described 
polyploid genetic system. Such hybrid- 
izations not only have the potential to 
generate new genotypic combinations 
but they also serve to release the varia- 
bility stored within the duplicated loci 
through high levels of homoeologous 
pairing. Given this, and the maintenance 
of moderate levels of spore viability and 
full sporophyte vitality in the F2 genera- 
tion, the possibilities of producing new 
adaptive combinations are greatly in- 
creased over the situation within inbred 
lines. Because the level of segregation 
within this system is dependent on the 
degree of homology shared by chromo- 
somes contributed by separate parents, 
it may be expected that different intra- 

specific combinations will segregate for 
the same or similar characteristics at dif- 
ferent rates. Thus, intraspecific differ- 
ences involving chromosome pairing af- 
finities may be detectable within such a 
system even though morphological dif- 
ferences between sporophytes are not 
evident. In that C. thalictroides has been 
described as a polymorphic species (10), 
the ability to differentiate between indi- 
viduals on the basis of chromosome pair- 
ing affinities may be an important factor 
to be considered in future taxonomic 
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of the genus (n = 39). Obviously, al- 
though this is the lowest extant number 
in the genus, the diploid form is, in fact, 
of polyploid derivation and tetraploid for 
those loci that have been shown to be 
maintained in a duplicated state. The 
present example dealing with C. thalic- 
troides involves the tetraploid form of 
the genus (n = 78). Evolutionarily, it 
must represent an ancient octaploid. 
However, the inheritance pattern is iden- 
tical to the model developed from the ex- 
tant diploid form. Therefore, in spite of a 
major difference in ploidy level, both 
forms contain at least one locus present 
in a tetrasomic state. 
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tical to the model developed from the ex- 
tant diploid form. Therefore, in spite of a 
major difference in ploidy level, both 
forms contain at least one locus present 
in a tetrasomic state. 
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Long Ascending Projections from Substantia Gelatinosa 

Rolandi and the Subjacent Dorsal Horn in the Rat 

Abstract. Small neurons of the substantia gelatinosa Rolandi and the subjacent 
dorsal horn of the spinal cord have been thought to exert a direct modulatory effect 
only on neurons located within a distance of a few spinal segments. By using the 
technique of retrograde transport of horseradish peroxidase, however, it has been 
found that in the rat a significant number of these cells, particularly those of the 
subjacent dorsal horn, ascend many spinal segments to the lateral cervical nucleus 
and to the lower brainstem. These data provide an anatomic basis for a role of sub- 
stantia gelatinosa Rolandi and subjacent dorsal horn cells in modulating or contrib- 
uting to sensory information transmission not only in nearby segments but in far 
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Cells of the substantia gelatinosa Ro- 
landi [SGR; Rexed's lamina II in the cat 
(1)] and of the subjacent dorsal horn 
(SDH; corresponding approximately to 
Rexed's lamina III) make numerous syn- 
aptic contacts with primary afferent fi- 
bers and with the dendrites of larger neu- 
rons entering these areas from above and 
below (2-7). The axons of these larger 
neurons, in turn, make segmental and 
propriospinal connections (8), and many 
are now known to ascend for long dis- 
tances before synapsing in the brainstem 
and thalamus (9). Although direct physi- 
ological evidence is lacking, the con- 
nections formed by the small SGR and 
SDH cells have long been thought to 

qualify them for an important role in the 

distant structures. 
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modulation of reflexes and of informa- 
tion transmission to the brain (4, 6, 7, 
10). Szentagothai (4) reported that le- 
sions within laminae II and III of the cat 
dorsal horn produced degeneration at a 
distance of not more than three spinal 
segments. Consequently, the area direct- 
ly affected by the modulating influences 
of SGR and SDH cells has been thought 
to be quite restricted. However, in the 
course of studying the cells of origin of 
the spinocervical tract in the rat, we 
have seen and now report that in this 
species many SGR and SDH cells pos- 
sess far longer projections. 

Adult male Sprague-Dawley rats were 
deeply anesthetized with sodium pento- 
barbital, and a laminectomy was per- 
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