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ABSTRACT 
Haploid  gametophytes of the  fern  Ceratopteris are either male or hermaphroditic.  The  determinant 

of sex  type is the  pheromone  antheridiogen, which is secreted by the  hermaphrodite  and  directs male 
development of young, sexually undetermined  gametophytes.  Three  phenotypic classes of mutations 
that affect sex-determination were previously  isolated and  include  the hermaphroditic (her), the transformer 
(tra) and feminization (fem) mutations. In the  present  study,  linkage analysis and tests of epistasis among 
the different mutants have been  performed  to  assess  the  possible  interactions among these genes. The 
results indicate that sex determination in Ceratopteris  involves  at  least seven interacting  genes in addition 
to antheridiogen, the primary  sex-determining signal. Two  models  describing  how antheridiogen may 
influence  the  activity states of these  genes  and  the  sex  of the gametophyte are discussed. 

H APLOID gametophytes of  many homosporous 
ferns,  including Ceratopteris richardii, develop as 

either males or hermaphrodites. The sexual fate of the 
developing gametophyte is determined by pheromone 
antheridiogen (DOPP 1950; NAF 1979; NAF et al. 1975), 
which is referred  to as &,E in Ceratopteris. In the ab- 
sence of &,E, individual Ceratopteris spores develop as 
hermaphroditic gametophytes that  produce egg-bear- 
ing  archegonia,  sperm-bearing  antheridia and a well- 
organized multicellular meristem (i.e., are  meristic). 
The  hermaphrodite produces and secretes A C E  into its 
surroundings when it is no  longer  competent to re- 
spond to it. When grown in the  presence of &;E, spores 
develop as male gametophytes with numerous an- 
theridia  but no archegonia or organized multicellular 
meristem (i .e. ,  are  amerisitic). Because hermaphrodites 
form  a meristem and males do  not,  the two sexes can 
be easily distinguished by their size and shape as well 
as  type  of  sex organ  produced. 

Physiological studies of the I\CE response in Ceratop- 
teris (BANKS et al. 1993) have  shown that  the sex of the 
gametophyte is initally determined early in develop 
ment (stage 2) as the  spore wall cracks and  the cell 
inside begins to divide. If &:E is absent  during this stage 
of development,  the gametophyte will develop as a her- 
maphrodite even if exposed to exogenous A C E  at  later 
stages of development. If A C E  is present  during this and 
subsequent stages of development,  the gametophyte 
will develop as a male. However,  if &E is  withdrawn 
from  a male gametophyte,  undifferentiated cells of  the 
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male thallus divide and form a  hermaphroditic thallus. 
The capacity  of the male to switch  its  sex in response 
to changes in  the primary sex signal indicates that  the 
male program of sex expression, unlike the  hermaphro- 
ditic program of sex expression, is reversible during 
development and that &;E is required  for  both initiating 
and maintaining  the male program of sex expression. 
Although the structure of &:E is unknown,  the &:E re- 
sponse can be blocked by inhibitors of gibberellin bio- 
synthesis  as well  as  abscisic acid (ABA), indicating  that 
&:E either is or is similar to a gibberellin (HICKOK 1983; 
WARNE and HICKOK 1989). 

Genetic and molecular studies of sex determination 
and differentiation in animals, particularly Drosophila 
melanogaster and Caenorhabditis elegans, have  shown that 
the  control of sex type in these organisms involves a 
number of genes that  interact within a well-defined reg- 
ulatory heirarchy, which has at its apex  the primary sex- 
determining signal  (reviewed in BAKER 1989; HODGKIN 
1990; CLINE  1993). Although the primary sex-determin- 
ing signal in  Ceratopteris (a  pheromone) is clearly  dif- 
ferent from that in Drosophila and Caenorhabditis (the 
X:A ratio),  Ceratopteris has many  useful features in 
common with Drosophila and Caenorhabditis  that 
make it well suited  for  the study of sex determination 
in plants. First, the  determinant of sex  type is known. 
Second, individuals are sexually dimorphic,  a  property 
of Drosophila and Caenorhabditis  that has expedited 
the study of the differences between two individuals of 
different sexes. Third, Ceratopteris is amenable to the 
genetic analysis of mutations  that affect a variety  of de- 
velopmental processes (reviewed  in CHASEN 1992; 
HICKOK et al. 1995) including sex determination (BANKS 
1994; EBERLE et al. 1995). A principal advantage of 
Ceratopteris as a  genetic system is that  mutations affect- 
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ing haploid gametophyte development,  either domi- 
nant  or recessive, are  apparent immediately after muta- 
genesis of the single-celled spore and growth of the 
gametophyte under selective conditions. While the h a p  
loid nature of the gametophtye facilitates the selection 
of mutations, it is also a limitation of the system because 
traditional complementation  experiments  cannot be 
performed in a  haploid organism. We have used a ge- 
netic approach similar to that used in Drosophila and 
Caenorhabditis to understand how the  pheromone &:E 

governs the sexual phenotype of the Ceratopteris ga- 
metophyte (BANKS 1994). This analysis has led to the 
identification of three phenotypic classes  of  sex-de- 
termining  mutants  that  exhibit insensitivity  to &E as 
well  as an altered sexual phenotype.  These  include  the 
hermaphroditic (her) mutants  that develop as meristic her- 
maphrodites,  the transfmmerl (tral) mutant  that devel- 
ops as an amerisitic male, and  the feminization1 ( f eml )  
mutant  that develops as a meristic female. 

The  mutant  phenotype of each sex-determination 
gene,  in  conjunction with information from physiologi- 
cal and developmental studies of sex determination in 
this species, have been used to construct  a  model to 
describe how genetic and epigenetic factors might in- 
teract to form  a regulatory hierarchy controlling  the 
sex  of the gametophyte (BANKS 1994). This model was 
based on  the assumption that TRAl and E M 1  act in a 
positive manner to direct differentiation of female and 
male traits, respectively, and is therefore  referred to as 
the positive model. This model makes specific, testable 
predictions  about  the epistatic interactions  among  the 
sex-determining genes. The goals of the  present study 
were to test the  predictions of the positive model and 
to determine  the  number of gene loci represented by 
these mutations. While the results of  this study support 
many predications of the positive model, they do  not 
support  them all. An alternative model  that is consistent 
with the  genetic evidence is described. 

MATERIALS  AND METHODS 

The medium and conditions used for growing gameto- 
phytic and sporophytic  Ceratopteris  plants are described in 
BANKS (1994). The origin of the wild-type inbred strain of 
Ceratoptm's richardii (Hnn) is described in SCOTT and  HICKOK 
(1987).  The  antheridiogen insensitive mutations HaC23-12 
(designated here as herl) and  Ha575 (designated here as 
her3) were selected from X-irradiated Hnn spores of Ceratopt- 
eris by WARNE et al. (1988). All other fm and her mutants 
were isolated by selecting hermaphrodites  that developed 
from EMS mutagenized Hnn spores in  the presence of 
as described  in BANKS (1994). The tral mutant was selected 
as a male from EMS mutagenized herl spores (BANKS 1994). 

When  choosing  female donors for crossing, 9-12-day-old 
individual fern females, wild-type hermaphrodites  or her her- 
maphrodites were placed in  microtiter wells  with agar solidi- 
fied medium. For crosses requiring wild-type or tra males as 
male gamete donors, spores were plated on medium  con- 
taining &;E and maintained at 29" which results in >95% 
males. At 11 - 13 days after spore inoculation,  room  tempera- 

ture water was added  to  the males. The water and decrease 
in temperature cause the  sperm  to be released from  the  an- 
theridia within minutes. Drops of water containing  sperm 
were then  added  to each individual female or  hermaphrodite. 
A cross was considered successful only if the sperm swarm 
to the archegonia. To obtain  sperm from a population of 
hermaphrodites, room temperature water was added  to 3 - 4  
week-old cultures previously maintained at 29". Water con- 
taining the  sperm released  from hermaphrodites was removed 
within minutes  before the  sperm could swarm  to the her- 
maphrodites  from which they were being removed then 
added to the  appropriate female donor. Because less sperm 
is obtained when using a hermaphrodite  than a male gameto- 
phyte, there is a greater  chance  that  the  hermaphrodite  sen- 
ing as a  female donor could be self-fertilized. To insure that 
sperm was present from  a  population of hermaphrodites,  the 
water containing  the  sperm was  visually inspected for  sperm 
and was also added to fern1 females since prnl females cannot 
self-fertilize. 

Antheridiogen, which is not available in  purified form, was 
obtained as a crude  aqueous filtrate of medium that had sup- 
ported  the growth of gametophytes  from wild-type Hnn spores 
(40  mg/liter  medium)  for 14 days. Each batch of medium 
was assayed for &:F. activity according to BANKS et al. (1993) 
and only batches of &:E that  induced >YO% Hnn wild-type 
males grown in isolation were used. Because the  number of 
wild-type hermaphrodites  that form in a  population of ga- 
metophytes grown in the presence off&, is negligable, the 
calculated expected gene frequencies of wild-type males 
grown in the presence of &:E was assumed to be 100%. 
Batches of medium lacking &:k, were also tested to insure that 
the  medium was not  contaminated with &:E by sowing wild- 
type spores in this medium  in isolation. Only medium that 
resulted in 100% hermaphroditic development was used. 

The presence and  abundance of antheridia, particularly in 
the intersexual  gametophytes, was assessed by staining ga- 
metophytes with Hoechst's dye and  then viewing under UV 
fluorescence on a Zeiss Axiophot microscope according t o  
BANKS et al. (1993). 

RESULTS 

Linkage analysis among the her and fml mu- 
tants: The her mutants were originally selected as her- 
maphrodites  that grow in the  presence of &:E, a condi- 
tion that normally promotes male development (BANKS 
1994). Most her mutations  are completely insensitive to 
&:E; i.e., when a her hermaphrodite is self-fertilized to 
produce  a homozygous diploid hersporophyte, all prog- 
eny haploid gametophytes develop as hermaphrodites 
on medium  containing &E (Table 1). One exception 
is herl4,  which produces some ameristic males (3%)  
among  the progeny of self-fertilized her14 hermaphro- 
dites (Table 1). Because the gametophyte is haploid, it 
is not possible  to perform complementation analysis 
between two mutant her lines to  test allelism. Linkage 
analysis was therefore  performed to test whether two 
her mutations are tightly linked (and possibly allelic), 
linked but genetically separable, or unlinked by cross- 
ing two her mutant gametophytes to produce diploid 
sporophytes heterozygous for  both mutations. The two 
mutations are  considered to be tightly linked if all F,  
gametophytes are  hermaphroditic (0% male). If 25% 
of the progeny are  male,  the two mutations  are consid- 
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TABLE 1 

Linkage analysis of the ha mutants 

herl her3 her5  her7  her9 her10 herll her13 herl 4  her15  herl 9 

herl 0 
her3 26 (2) 0 
her5 25 (2) 0 (4) 0 
her7 23 (1) 26 (5) 26 ( 7 )  0 
her9 25 ( 1 )  0 (6) 0 (2) 29 ( 1 )  0 
her10 26 (1)" 25 (4) 20 (1) 0 (4) ND 0 
herll 28 ( 1 )  27 (1) 25 (3) 0 (8) 25 (7) 0 (8) 0 
her13 24 (3) 25 (3) 23 (3) 22 (4) 25 (3) 24 (2) 25 (4) 0 
her14 27 (2) 25 (2) 31 (2)  5  (2) ND 6  (2) 11 (1) 26 (5) 3  (4) 
her15 29 (1)' 25 (3) 23 (4) 0 (6) 25 (3) ND 0 (4) 24 (6) 10  (6) 0 
herl 9 ND 26 (4) 25 (3) 0 ( 1 )  ND 0 (3) 0 ( 7 )  26 (4)  6 (3) 0 (9) 0 

The maternal and  paternal  genotypes  are  given  on  the  top row and left-most column.  The  numbers  indicate  the  average 
percentage of  male  gametophytes in the  progeny  of  each  cross  when  grown  on  media containingkE. The  numbers  in  parentheses 
indicate  the  number of crosses  analvzed.  Unless  otherwise  noted,  at  least 280 gametophytes  were  scored  per  cross. ND, not 
determined. 

a Progeny  scored: 148. 
Progeny scored: 154. 

ered to be  unlinked. Between 0-25% male progeny 
would indicate that  the two mutations are linked but 
genetically separable. 

The results of the linkage analysis among 11 indepen- 
dently derived her alleles are shown  in Table 1. In all 
cases, each paired cross and its reciprocal, where per- 
formed, gave similar results (data  not  shown). Because 
the progeny of a sporophyte obtained by self-fertilizing 
a her hermaphrodite  and  a her hermaphrodite crossed 
by sperm  harboring  a tightly linked her allele will all be 
hermaphroditic, it is not possible to determine  whether 
a her gametophyte was self-fertilized or crossed by an- 
other source of her sperm in the linkage analysis. We 
assume that if a given  type  of  cross produced no males 
in some cases and 25% males in other cases, those 
crosses producing no males  were due to a self-fertiliza- 
tion event and were thus not  considered in the analysis. 
The results of these crosses indicate that  the 11 her 
alleles tested represent  at least five loci  tentatively as- 
signed to four linkage groups. Three loci are  repre- 
sented by only one allele (herl,  13 and 14) and the 
other two loci are  represented by three (her3, 5 and 9) 
and five (her7, 10, 11, 15 and 19) alleles. The locus 
represented by her14 is  likely to  be closely linked to the 
locus represented by her 7, 10, 11, 15 and 19, as these 
pairwise  crosses produced  an average of 7.6% of male 
progeny. This is greater  than  the percentage of  males 
produced by a her14 self (3%) and much less than  that 
expected  for  independent assortment (25%). 

Similar crosses  of f m l  females by her hermaphrodite 
sperm were done to determine linkage between fernl 
and  the her mutations. The ratio of ameristic male to 
meristic nonmale progeny gametophytes grown in the 
presence of &:E was scored. For all  crosses except one 
(fernl by herl4), their progeny segregated males and 
meristic nonmale gametophytes in a 1:3 ratio (Table 

2). Because the her14 mutation is not fully penetrant in 
a  population of her14 gametophytes (see Table l), the 
observed percentage of males in the progeny of the 
f m l  X her14 cross should be and is slightly greater  than 
the expected 25%. This data indicates that  none of the 
her mutations tested are allelic to f m l .  

The her fen1 double  mutant: The her and fernl mu- 
tant gametophytes differ only in the presence or a b  
sence of antheridia, as illustrated in Figure 1. The fml 
mutant gametophyte, like the hermutants, is insensitive 
to LE (BANKS 1991). To  determine  the epistatic rela- 
tionships between the f m l  and  the her alleles, diploid 
sporophytes heterozygous for each of these mutations 
were generated by crossing f m l  females by sperm from 
each of the different her hermaphrodites. The F1 prog- 
eny should segregate equal  numbers of her, f m l ,  her 
fernl and wild-type haploid gametophytes given that 
fernl and all her mutations segregate independently. If 
her is epistatic to f m l ,  the ratio of hermaphrodites to 
females should  be 2:l among  the  nonmale meristic 
progeny, whereas iffernl is epistatic to her, hermaphro- 
dites and females should segregate 1:2. To test the ratio 
of hermaphrodites to females, some meristic gameto- 
phytes  were removed from other members of the  popu- 
lation and allowed to grow for 4 weeks before their 
phenotype was scored. This was necessary to prevent 
self-or  cross-fertilization  of the gametophyte, which 
halts gametophyte growth before antheridia might 
form on the  hermaphrodite.  The results  shown  in Table 
2 show that  among  the meristic progeny of  all f m l  by 
her crosses, approximately one-third are  hermaphro- 
ditic and two-thirds are female. The 1:2 segregation 
ratio of hermaphrodites to females indicates that  the 
fern1 single mutant  and fernl her double  mutant gameto- 
phytes are female and that  the f m l  mutation is epistatic 
to all her mutants tested. The segregation ratios also 
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TABLE 2 

Epistasis between  the fml and her genes 

Phenotype 

All g;mlctophytes + I& Nonmales - &:E 
Summed 

Summed  data  data chi 
(:I'oss I1 Male Nonmalc  chi  square. I"' Hermaphrodite Female square, P" 

Jirttl I X IwrI 1 168 ( 150) 433  (451) 3.00, >0.05 51  (48) 93 (96) 0.28, >0..50 
hrr? 3 259 (241) 705 (723) 1.79, >0.10 75 (78) 159 (156) 0.17, >0.50 
It rr5 4 323 (309) 913  (927) 0.84, >0.30 96  (100) 203 (199) 0.24, >0.50 
It Fr 7 e I(i6 (1.56)  4.58 (468) 0.85, > o m  38 (35)  68  (71) 0.39, >0.50 
It rr 9 4  345 (326) 9.57  (97.5) 1.52,  >0.20 72 (66) 127 (133) 0.82, >0.30 
hrrlf) 3 238 (237) 710 (711) 0.01. >0.90 52  (57) 119 (1  14) 0.66, >0.30 
IwrlI 3 235 (237) 711 (710) 0.03,  >0.70 32 (30) 57  (59) 0.20, >0.50 
hrrl4 2 188 (162) 458 (485) 4.17, >0.0.5 37  (39)  80  (78) 0.15; = 0.70 
hrrL5 3 219 (236) 728 (710) 2.30, p > 0.10 63 (66) 136 (133) 0.21, >0.50 
hrr19 4 304 (311) 941 (934) 0.21, >0.50 102 (103) 208 (207) 0.01, >0.90 

The  maternal  and  paternal  genotypes  are  indicated  at  the left; n indicates  the  number of crosses analyzed. The  numbers 
below each  phcnotypr intlicatc the  number of  progeny displaying each  phenotype. The  numbers in parenthesis  indicate  the 
expected  number lor each  phenotype  assuming  that  the two mutations assort independently  and  that Jim1 is epistatic to her 
such  that males and mcristic nonmale  progeny  gametophytes  segregated in a 1:s ratio when all progeny  are grown on  medium 
containing A,:,:,. A I:2 ratio of hermaphrodites t o  females is expected  among  the  nonmale  gametophytes which were grown on 
medium  containing A,:,, then  transferred to medium lacking A,:E  before assessing their  phentoype. 

I' Homogenity  chi  sqwres were ~ v e l l  within the  accepted limit ( P  > 0.05) for a l l  crosses except f i m l  X hrrl4. 

indicate  that t hepml  mutation is completely  penetrant originally  isolated  as a suppressor of her1 (BANKS 1994). 
and expressive. The hprl tral male  gametophyte develops as a  male  in 

The trul and her trul mutants: The lrnl mutation was the  absence of a condition  that results in hermaph- 

FIGUKI:. l.-\\'ild-typc ; 1 n d  m u t ; \ n t  ganx.tophytr phcnoty1xx ( A )  I\ wiltl-type hcrm;~phrotlitc w i t h  archegonia,  antheridia  and 
a  meristem. (R)  A wild-type malc  gametophyte w i t h  nunlcrous  antheridia. (C)  A mutant Jrml female gametophyte with a 
meristem,  archegonia  but  no  antheridia. (11-G) Mutant lrnl Jiiml or  hprl /rnl Jkml intersexual gametophytes. ar, archegonia; 
an,  antheridia; m,  meristem. 
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Segregation of progeny  from  a herl h-al male  double  mutant  crossed to a  wild-type  hermaphrodite 

No. of Summed  data Homogeneity 
crosses Male Hermaphrodite chi square, P chi square, P 

Phenotype + &E 

11 2620 (2604) 852 (868) 0.39, >0.80 3.99, >0.95 

The values indicate the  number of male and  hermaphroditic progeny  gametophyes  when grown on medium containing &:E. 

Values in  parentheses indicate the  expected  number  for  each  phenotype assuming that  the two mutations assort independently 
and  that tral is epistatic to herl such  that male and  hermaphrodites segregate  in  a 3:l ratio. 

roditic development in  wild-type gametophytes (BANKS 
1994). To  determine  the  penetrance  and expressivity 
of the tral single and herl tral double  mutants, herl 
tral males, which  were generated by crossing herl her- 
maphrodites by sperm from the original selected herl 
tral male gametophyte, were  crossed to wild-type her- 
maphrodites. The resulting diploid sporophytes should 
be heterozygous for  both herl and tral and segregate 
equal  numbers of herl, tral, herl tral, and wild-type 
gametophytes in their progeny. If the phenotype of the 
tral single and the herl tral double  mutants  are male, 
then  the phenotypic ratio of progeny gametophytes ob- 
tained from this cross on media containing A C E  should 
be  three ma1e:one hermaphrodite. As shown in Table 
3, only  males and hermaphrodites were observed in the 
F1 progeny and these segregated in a 3:l ratio. 

Phenotypic males from this  cross should  be wild-type, 
herl tral, or tral gametophytes. To confirm their geno- 
type, individual F, males  were transferred to media lack- 
ing A C E ,  because under these conditions genotypically 
wild-type male gametophytes will switch from male to 
hermaphroditic (BANKS 1994). Those F1 males that 
switched after removal from &E ( ie . ,  bE-dependent 
males) were considered wild  type and were not tested 
further.  Those F, sibling gametophytes that  remained 
male after removal from A C E  (i.e., AcE-independent 
males), presumably herl tral double  mutants and tral 
single mutants, were test crossed  individually to wild- 
type hermaphrodites. The F2 progeny of these crosses 
are  expected to segregate as >95% male on media con- 

taining &;E and as one ma1e:one hermaphrodite on 
media lacking if the F1 male parent is tral. The 
F2 progeny are  expected to segregate three ma1e:one 
hermaphrodite on media containing &E and  one 
ma1e:one hermaphrodite on media lacking &E if the 
F1 male parent is herl tral. In  addition, because the F1 
male parents were chosen at  random,  there should be 
equal  numbers of herl tral double  and tral single mu- 
tants among  the F1 AcE-independent males. As seen in 
Table 4, one class  of  crosses  (class 1) , involving four 
individual F1 males, segregated almost exclusively  as 
males on media containing &:E and  one ma1e:one her- 
maphrodite in medium lacking in the F2. This indi- 
cates that  the F1 male parent is genotypically tral. The 
other class  of  crosses  (class 2) ,  involving four F1 males, 
segregated as the Fo did (three ma1es:one hermaphro- 
dite)  on medium containing (Table 4). In medium 
lacking A C E ,  the same progeny segregate males and her- 
maphrodites in a 1:l ratio, confirming that  the F1 male 
parent in these crosses is herl tral. These results demon- 
strate that  the tral single mutant and herl tral double 
mutant gametophytes are bE-independent males and 
that both genotypes are completely penetrant  and ex- 
pressive. 

The epistatic interactions between tral and both 
herll and her13 were  assessed by crossing her11 and 
her13 hermaphrodites by tral males.  Diploid sporo- 
phytes derived from these crosses are heterozygous for 
tral and herll or her13 and should segregate in the 
progeny equal  numbers of tral, tral herl 1 or her13, herl I 

TABLE 4 

Test  cross of &E independent  males  from  Table 3 

-&:E +&E 

Summed  Summed 
No. of data chi No. of data chi 
crosses Male Hermaphrodite  square“, P crosses Male Hermaphrodite square“, P 

Class 1 4 126 (282) 287 (282) 0.22, >0.50 4 >99% <1% 
Class 2 2 125 (130) 135 (130) 0.40, >0.50 4 957 (940) 296 (313) 1.23, >0.20 

The values indicate the  number of progeny of each  phenotype when grown on medium containing &:E (“+&:E”) or lacking 
&E in single spore cultures (-&E). The  numbers  in  parentheses indicate the  number of progeny  expected for each phenotype 
assuming that  the male parent was genotypically either tral (class I ) ,  in which case all progeny should be male with &:E and 
segregate males to  hermaphrodites in 1:l ratio  without A C E ,  or her1 tral (class2), in which case the males and  hermaphrodites 
should segregate  in  a 3:l with &E and  in a 1:1 ratio on  medium without LE. 

a Homogenity chi  square were well within the  accepted limit ( P  > 0.05) for all crosses. 
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TABLE 5 

Epistasis between tral and herll or her13 

Phenotype + &:F. Summed 
No. of d d t d  chi Homogeneity 

Cross crosses Male Hermaphrodite square, 1' chi square, P 

tral X herl l  2 452 (458) 158 (152) 0.32, >0.50 1.27, M . 2 0  
tral X her13 2 347 (340) 106 ( 1  13) 0.57, >0.30 0.09, H . 7 0  

The maternal and  patneral  genotypes  are  shown at the left. The number of progeny of each phenotype are given in the table. 
The values in parentheses  indicate  the  number of progeny expected for each phenotype assuming independent assortment of 
each mutation, that trul is epistatic to her, and that the expected ratio of males to hermaphrodites is 3:l. 

~ ~~ 

or herl3, and wild-type gametophytes if tral and  the two 
her mutations segregate independently. Wild-type and 
tral gametophytes are male in the  presence of&:E  while 
herll and her13 gametophytes are hermaphroditic in 
the  presence of &:E. The  proportion of  males to her- 
maphrodites  in  the progeny should  therefore  indicate 
the  phenotype of the tral  herll or trul her13 gameto- 
phytes. As shown in Table 5, progeny gametophytes 
segregated males and hermaphrodites in a  3:l ratio on 
medium  containing &,E, indicating  that  the phenotypes 
of tral  herll and tral her13 double  mutant gameto- 
phytes are male and  that trul is epistatic to her13 and 
herll in addition to herl. 

The tral f m l  double and herl tral fml triple mu- 
tants: To  determine  the phenotype of the herl tral  feml 
triple mutant gametophyte and  the epistatic interaction 
between tral and feml, diploid sporophytes heterozy- 
gous for each mutation were needed.  These were gener- 
ated by crossing feml female gametophytes by sperm 
from herl tral double  mutant male gametophytes. The 
resulting diploid sporophytes were simultaneously het- 
erozygous for all three mutations. Because  all three  are 
unlinked, these sporophytes should segregate equal 
numbers of eight  haploid genotypes (herl,  tral,  feml, 
herl trul, herl feml,  trul  feml, her1 tral  feml and wild 
type). The phenotypes associated with these genotypes, 
except herl tral  feml and tral  feml, on media with or 
without &,E, were either known from previous studies 
(BANKS 1994) or have been  determined in this study. 
Progeny spores from five triple mutant sporophytes 
were plated on media containing &:E. Four phenotypi- 
cally distinct gametophyte types  were observed: males, 
females, hermaphrodites and a novel intersex pheno- 
type. As shown in Table 6, these gametophytes segregate 
in a ratio of three ma1es:two  fema1es:two intersexesone 
hermaphrodite. Because the only genotypes for which 
a  phenotype has not  been  determined  are herl tral  feml 
and tral  feml, the novel phenotype and its frequency 
indicate that  the intersex phenotype is the result of 
being  mutant  at both TRA1 and FEMI. 

The intersex phenotype is characterized by the pres- 
ence of one  or  more abnormal meristems, occasional 
rudimentary  archegonia, and few antheridia which pro- 
duce  functional  sperm, as illustrated in Figures 1 and 
2. The wild-type and her hermaphrodites have a single 

lateral meristem; ie., a localized region of active  cell 
division that forms the typical meristem notch of the 
gametophyte (Figures 1 and 2 ) .  Cells formed by the 
lateral meristem either  differentiate as archegonial ini- 
tials or gradually enlarge to form the two-dimensional 
sheet of cells that make up most of the  hermaphrodite 
thallus. Some cells of the developing thallus may also 
differentiate as antheridia initials; however, antheridia 
always form distal to the  archegonia and  at the perime- 
ter of the meristem (Figure 1 ) .  In comparison to the 
hermaphroditic meristem, the meristem of the intersex 
is smaller, made up of fewer  cells and rarely forms a 
meristem notch  (Figure 1).  The lack  of a meristem 
notch  appears to be due to the inability of the intersex- 
ual meristem to maintain a size comparable with that 
of the  hermaphrodite meristem. Antheridia in the in- 
tersex appear  adjacent to the meristem and often di- 
rectly  below the  meristem,  a position where archegonia 
would form normally form in the  hermaphrodite (Fig- 
ure 2).  Archegonia, if they form in the  intersex, do 
not differentiate normally and  are  nonfunctional. The 
relative size and position of the meristem of intersexual 
gametophytes is so variable that no two intersexes ap- 
pear  the same (compare Figure 1, D-G) . 

The genotype of each phenotypic class  in Table 6 
was either  confirmed or assessed to firmly establish the 
genotype of the  intersex. The genotype of female ga- 
metophytes generated from the /em1 by herl trul cross 
was confirmed by crossing 25 F, females by wild-type 
males. The results of these crosses appear in Table 7. 
The progeny of 12  test-crossed F, females segregated 
male and female gametophytes in a 1:l ratio (class I ) ,  
indicating that  the F1 female parent was genotypically 
feml. The progeny of 13  other test-crossed F, females 
segregated as male and nonmale gametophytes in a 1:3 
ratio (class 2 ) .  Of the  nonmale class 2 gametophytes, 
hermaphrodites and female gametophytes segregated 
in a 1:2 ratio indicating  that  the female donor was geno- 
typically herl feml. These results confirm that phenotyp- 
ically female gametophytes are genotypically feml or 
feml her1 and that feml is epistatic to herl. 

The genotype of the &;,-insensitive hermaphroditic 
progeny from the f iml  by herl tml  cross (Table 6) 
should be hprl. To test this, hermaphrodites were 
crossed by wild-type sperm and  the progeny of this  cross 
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TABLE 6 

Segregation of progeny  gametophytes  from a sporophyte  heterozygous  for tral, feml and herl 

Phenotype + &:E 
Cross Male Female lntersex  Hermaphrodite Chi square, P 

1 I56 ( 1  58) 117 (106) 108 (106) 41 (53) 2.71, >0.30 
2 125 (125) 88 (83)  83 (83) 37 (42) 0.90, >0.80 
3 147 (1.54) 111 (103) 112 (103) 40 (51) 4.10, >0.20 
4 187 ( 167) 120 ( 1  12) 111 (112) 46 (56) 4.76, > o m  
5 160 (151) 103 (101) 94 (101) 45  (50) 1.57. >0..50 

Valucs indicate  the  number of progeny of rach  Phenotype. Values in parentheses  indicate  the  number of progeny expected 
for each  phenotypc  assuming a 3:2:2: I ratio of ma1es:fcmales:intersexes:l~ermaphrodites. 

assessed; the results are shown  in Table 8. For all seven 
test  crosses examined, the progeny segregated her- 
maphrodites and males  in a 1:l ratio, as expected. 

The genotypes of male progeny gametophytes from 
the fernl by hn-1 lrol cross (Table 6) should  either be 
tral, An-1 t r d ,  or wild type.  Seven FI &:,-dependent 
males that switch to hermaphrodites when removed 
from media containing were self-fertilized. Greater 
than 95% of their progeny were male (data  not  shown), 
confirming  that  the &:Filependent male progeny are 

FI(;I'KI. 'L.-Thc mcristcms of' hcrm;tphrotlite antl intersex 
gametophvtes. Gametophytes wcrc stainccl w i t h  Hocchst's dye 
antl photographed under UV flrlorescence. (A) The meriste- 
matic  region of  the  hcrmaphroditc showing the typical meri- 
stem  notch  formed by the  meristem  and two archegonia,  one 
with a prominent, brightly fluorescent  egg cell. (R) The meri- 
stematic region of an  intersexual  gametophyte showing a rela- 
tively small meristem and  three  antheridia  containing devel- 
oping  sperm cells. One  antheridia is directly below the 
meristem, a  position  normally occupied hv archegonia in the 
hermaphrodite. e ,  egg; m, meristem: an,  antheridia. 

wild  type for all genes. The sibling FI males that did 
not switch when removed from medium  containing&:E 
( i . ~ . ,  &:,-independent males) were crossed to wild-type 
hermaphrodites and their progeny assessed on media 
containing A(:,:.. As shown  in Table 9, one class, repre- 
sented by 10 crosses, produced >95% males in the pres- 
ence  of&;E,  indicating  that  the class 1 &:,-independent 
male parent was genotypically I m l .  A second class, r e p  
resented by eight crosses, produced males and her- 
maphrodites in a 3:l ratio (Table 9),  confirming  that 
the class 2 &:+dependent male parent was hn-1 tral. 

The genotype of the  FI intersex gametophytes from 
the fml by her1 tral cross (see  Table 6) was tested by 
crossing fml females by sperm from individual in- 
tersexes. If the intersex is genotypically herl tral fml 
or trnl f m l ,  all  of the resulting diploid sporophytes 
should  produce progeny that segregate female and in- 
tersex gametophytes in a 1:l ratio. The results shown 
in Table 10 demonstrate  that, in  six  of  six  crosses as- 
sessed, all progeny gametophytes segregate in the ex- 
pected ratio. These results, together with the segrega- 
tion ratios of intersexes to other phenotypes in Table 
6, confirm that  the  genotype of the intersex can either 
be fernl trnl herl or f m l   t m l .  

DISCUSSION 

The HER genes and  the signal transduction  path- 
way: The primary sexdetermining signal in Ceratopt- 
eris is the  pheromone &:e, which directs the gameto- 
phyte to develop as a male. Gametophytes that are 
competent  to  respond to kt:, must perceive and trans- 
duce  the &;, signal to elicit the  appropriate sexual re- 
sponse. The HERgenes are likely to encode factors that 
constitute  the &:E receptor and/or signal transduction 
pathway because mutations of  any  of the HER genes 
result in a phenotype similar to wild-type gametophytes 
grown  in the  absence of &:,. Antheridiogen is pro- 
duced and secreted from hergametophytes (J. A. BANKS, 
unpublished  results), indicating that these mutations 
have no effect on genes involved  in &;F, biosynthesis 
and secretion. By genetic analysis, an approximation 
of the  number of HER genes involved  in  this putative 
pathway can be determined (MOHLER 1977). The link- 
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TABLE 7 

Test  cross  of  female  segregants  from a heterozygous her  1 tral f m l  sporophyte 
~~~ 

All gametophytes + &:E Summed  Among  nonmales - LE Summed 
No. of data chi  data  chi 
crosses Male Female square", P Female Hermaphrodite square", P 

~~~ ~ ~~~~~~ - 

Class 1 12  1901 (1941) 1980 (1941) 1.6, >0.20 NA NA NA 
Male Nonmale 

Class 2 13 926 (955) 2895 (2866) 1.17, >0.20 170 (170) 85 (85) 0, = 1.00 

The values indicate the  number of progeny of each  phenotype. Values in  parentheses  indicate the  number of progeny  expected 
for each  phenotpye  assuming independent assortment of each  mutation. Class 1 includes those crosses that segregate 1:l male 
to female in the presence of &:E; class 2 includes crosses that segregate 1:3 male to nonmale in the presence of &:k:. Between 
20 and 30 of the  nonmale, class 2 meristic gametophytes were separated  and grown for  an addition 2 weeks to determine  the 
frequency of females and  hermaphrodites in the  population. 

Homogenity  chi  squares were well within the accepted limit ( P  < 0.05) for all crosses. 

age analyses  of 11 independently derived HER alleles 
indicate that they represent  at least five distinct loci, 
two of which are  linked. The linkage analysis among 
the fernl, trul and several  of the hermutants also indicate 
that none of the her loci are linked to fml or trul. 
The actual number of HER loci  involved in the putative 
signal transduction pathway is likely to be much  larger 
than five since multiple alleles of a single HER locus 
exist for only two of the five loci. Several more HER 
alleles must be isolated before a  good estimate of the 
complexity of the signal transduction pathway can be 
determined. 

All hergametophytes are  hermaphroditic and  pheno- 
typically indistinguishable with the  exception of  herl4, 
which is not fully penetrant.  The epistatic interactions 
among  the her mutants are therefore impossible to as- 
sess.  Assuming that  the hermutations are recessive,  loss- 
of-function mutations,  there  are  three  conceptual alter- 
natives explaining how the HER genes form  the &.E 

signal transduction pathway. First, each HER locus may 
represent  a  step in a single linear pathway. That is, 
one HER activates or represses another, which in turn 
activates or represses another,  and so on. Alternatively, 
each HER gene may act  independently to activate or 
repress a  common downstream gene.  In this case, each 
HER gene must be activated by because mutation 
of only one HER gene is sufficient to block the signal 
transduction pathway. A third possibility is that  the dif- 
ferent HER genes form a single complex that must be 
complete to act on a downstream gene (s) . A biochemi- 

cal  analysis of the HER gene  products is required to 
determine which  of these possibilities alone or in com- 
bination  are operative in Ceratopteris. 

It is assumed in these studies that  the her mutations, 
as  well  as the fernl and trul mutations,  are recessive.  In 
Ceratopteris, it is not possible to perform  complementa- 
tion analysis or  determine  dominance of a gameto- 
phytic mutation because the gametophyte is haploid. 
However, it is possible to generate  a diploid fern ga- 
metophyte through  a process known as apospory (re- 
viewed in RACHAVEN 1989). Apospory in ferns is the 
derivation of gametophytic tissue from sporophytic tis- 
sue without the  intervention of  meiosis.  Because the 
gametophytic tissue derived through apospory is the 
product of  mitosis rather  than meiosis, the gameto- 
phyte is diploid. Using a recessive genetic  marker in 
Ceratopteris, we have observed that self-fertilization of a 
heterozygous diploid gametophyte derived by apospory 
produces  a  tetraploid  sporophyte, which, in turn, pro- 
duces diploid gametophytes that segregate the recessive 
marker  in the expected  ratio (J. R. EBERLE and J. A. 
BANKS, unpublished  results). On  the basis of these re- 
sults, it should be possible to determine  dominance and 
allelism for each of the gametophytic mutations using 
this approach. 

The  positive  model of sex determination: Previous 
studies have identified several  classes  of genes that  alter 
the normal  programming of sexual phenotype by &E 

(BANKS et ul. 1993). To  understand if and how these 
genes interact with one  another to define  a hierarchy 

TABLE 8 

Test  cross  of  hermaphroditic  segregants  from  a  heterozygous her1 tral fml sporophyte 
~~~ 

Phenotype + &,E 
No. of Summed  data Homogeneity 
crosses Male Hermaphrodite chi  square, P chi  square, P 

12 1877 (1881) 1885 (1881) 0.02, >0.90 4.39, >0.90 

The observed number of male and  hermaphroditic progeny  gametophytes when grown on medium containing &:E is shown. 
Values in  parentheses  indicate the  expected  number of each phenotype assuming that males and  hermaphrodites segregate  in 
a 1:l ratio. 
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TABLE 9 

Test CTOSS kE-independent male  segregants  from a heterozygous herl fra 1 fm I sporophyte 

Phenotpye + &:E 
No. of Summed  data  Homogeneity 
crosses Male Hermaphrodite  chi square, P chi square, P 

Class 1 10 <5% >95% 
Class 2 8 1784 ( 1769) 575 (590) 0.51,  >0.30  2.17, >0.90 

The  observed  number of male and  hermaphroditic  progeny gametophytes when grown on medium containing &:E is shown. 
Values in  parentheses  indicate the expected  number of each  phenotype  assuming that  the  male parent WAS genotypically either 
trul (class l), in which case all progeny should  be male, or hprl tral (class 2) ,  in which case the males and  hermaphrodites 
should  segregate in a 3:l ratio. 

_ - I  

of regulatory genes  that ultimately determines  the sex 
of the  Ceratopteris  gametophyte, we tested epistasis 
among these genes by assessing and comparing  the  phe- 
notypes of single, double,  and triple  mutant gameto- 
phytes. The outcome of these analyses are summarized 
in Figure 3. 

A model of  how the sex-determining genes in Cerat- 
opteris form such a hierarchical network has been  pro- 
posed (BANKS 1994; EBERLE et al. 1995). This model was 
based on  the phenotypes of the herl and fernl single 
mutants and the herl tral double  mutant  and assumed 
that all  known sex-determination  mutants are loss-of- 
function  mutants. This model makes specific, testable 
predictions  about  the epistatic relationships between 
the mutants. One goal of the  present study was to test 
these predictions. The following discussion examines 
the previous model in light of the evidence confirming 
or contradicting the predictions of that  model, as  well 
as an alternative model of gene  interaction  that is also 
consistent with the available data. The previous model 
was based on the assumption that TRAl and E M 1  act 
in a positive manner to direct  differentiation of female 
and male traits, respectively, and is therefore  referred 
to as the positive model. 

According to the positive model  diagrammed in  Fig- 
ure  4, TRAI and FEMl are  the major sex-determining 
genes in  the gametophyte. TRAl promotes  the differen- 
tiation of female traits (meristem and  archegonia)  and 
E M 1  promotes  the  differentiation of male traits (an- 
theridia).  The function of these genes was deduced 
from  the  phenotypes of lral and fernl gametophytes. 
Because the tral gametophyte is male in the  presence 

TABLE 10 

Back CTOSS of intersex  gametophytes  from a heterozygous 
herl Em1 f m 1  Sporophyte to f m l  

Phenotype + &:L Summed 
No. of data chi Homogeneity 
crosses Female Intersex square, P chi square, P 

6 323  (335)  347  (335)  0.86,  >0.30  1.27, >0.90 

The values indicate the number of female or intersex  prog- 
eny when  grown  on  medium containing &:E. The values in 
parentheses  indicate  the expected frequencies. 

or absence of &:E, TRAl gene activity is necessary for 
the differentiation of the  archegonia and meristem. Be- 
cause the ,j?rnl gametophyte is female in the  presence 
or absence of &:E, E M 1  gene activity is necessary for 
the  differentiation of antheridia. Given that  both  her- 
maphrodites and males produce  antheridia,  the differ- 
ences between the sexes can be regarded as the pres- 
ence  or absence of an organized multicellular meristem 
and archegonia, which are  a  consequence of TRA  1 gene 
activity. According to the positive model, acts by 
activating the HER gene(s) which, together with FEMl, 
represses TRA1. Thus, when &:E is present,  the HER 
genes and E M 1  are active, TRAl is repressed and  the 
gametophyte is an ameristic male. In the absence of 
A c e ,  the HER genes are  not active, TRAl is not re- 
pressed by the HER and E M 1  genes, FEMl is active, 
and  the gametophyte is a meristic hermaphrodite. A 
more  detailed  explanation of the positive model is given 
in BANKS (1993) and EBERLE P t  al. (1995). 

This model of  sex determination makes three predic- 
tions that  are  amenable to genetic testing: that fernl is 
epistatic to herl; that  there is no epistatic interaction 
between tral and,fPrnl; and  that the  phenotype of a lrul 
fernl double  mutant is asexual; i.e., lacking archegonia, 
antheridia and a meristem. That t m 1  is epistatic to her1 
is not  a  prediction of this model because tral was origi- 
nally isolated as a  suppressor of kerl. However, the male 
phenotypes of the her11 tral and her13 tral double mu- 
tants assayed in this  study indicate that tral is also epi- 
static to two additional her genes. 

To test the first prediction,  that fernl is epistatic to 
herl, the  phenotype of the herl fernl gametophyte was 
assessed. As predicted,  the herl fernl gametophyte is 
female, indicating thatfeml is epistatic to herl. Epistasis 
among all ,fern1 and her alleles was also assessed,  with 
the exception of her13, which was not tested. AI1 her 
firnl double  mutants  are female indicating  that f m l  is 
epistatic to 10 her alleles representing  four  different her 
loci. 

The second prediction of the  model,  that tral and 
fernl act independently  or in two branches of the sex- 
determining pathway, was tested by assessing the  pheno- 
type  of the tral fernl double  mutant. The lack of epistasis 
between tral and fernl is evident in the novel phenotype 
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phenotype 

genotype -ACE +ACE 

wild-type 

her 

rra 1 

fern 1 

her  tra 1 0. d 
her  fern 1 Q Q  
tra 1 fernl ix ix 

her  rra 1 fern 1 ix ix 
FIGURE 3.-The  phenotypes  of  the sex determination mu- 

tants.  The  mutant  phenotypes  associated  with  various single, 
double,  and  triple  mutant  genotypes  on  media +/- are 
indicated.  her-represents  all  heralleles  that  have  been  analyzed 
and “ix” indicates an intersexual  phenotype. 

of the  double  mutant  gametophyte, which is neither 
entirely female (like f m l )  nor male (like tral) .  The 
phenotypes of the  double  mutant and herl tral f m l  
triple mutant confirm the  predication  that tral and f m l  
act in two different  branches of the sex-determination 
pathway. 

The final prediction of the positive model is that  the 
tral fern1 double  mutants  should be unable to differenti- 
ate  antheridia,  archegonia  or meristems. Phenotypi- 
cally, such double  mutants would appear as ameristic, 
asexual gametophytes devoid of antheridia and arche- 
gonia. The phenotype of the tral f m l  double  mutant 
is not asexual but intersexual where the gametophyte 

ACE + HER TRA1 + meristem, 

FEMl L antheridia -7 archegonia 

wild type +ACE- H E L  7 2- antheridia 

wild type  -ACE TFIAl I meristem, 

FEMbn- antheridia 

on archegonia 

displays both male and female traits yet is clearly distinct 
from  the  hermaphrodite. 

If the positive model is correct,  the observation that 
tral f m l  double  mutants  are intersexual, rather  than 
asexual, could be accounted  for if tral and/or f m l  are 
not completely expressive alleles. However,  this seems 
unlikely because the results of this and  one  other study 
(BANKS 1994) demonstrate  that  each allele alone ap- 
pears to be completely expressive and  penetrant.  The 
possibility that  “stronger” tral and fernl alleles could 
generate  an asexual gametophyte will be addressed by 
comparing  the  apparent expressivity of additional mu- 
tant alleles in single and double  mutant gametophytes. 
Six additional tra mutants have been isolated either as 
suppressors of her13 or as  abscisic acid (ABA) resistant 
mutants (J. A. BANKS, unpublished  results);  the  pheno- 
type  of the six  possible fernl tra mutant gametophytes 
has yet to be determined. 

The negative model of sex determination: The novel 
intersexual phenotype of tral  fernl double  mutant indi- 
cates that TRAl  and €EM1 might not be positive regula- 
tors of female and male traits but negative regulators 
of male and female traits, respectively. To  account  for 
this  possibility, an alternative, negative model for  the 
regulation of sex expression by sex-determining genes 
in  Ceratopteris  that is consistent with the available  ge- 
netic data is proposed. As with the positive model, we 
assume for  the negative model  that all mutations  are 
loss-of-function mutations. According to the negative 
model  diagrammed  in Figure 5, the sex of the gameto- 
phyte ultimately depends  on  the activity  of the TRAl  
and FEMl genes;  antheridia develop in  the gameto- 
phyte only when TRAl is repressed, and meristem and 
archegonia develop only when the FEMl gene is re- 
pressed. The activites  of TRAl and FEMl during ga- 
metophyte development  are regulated by a  number of 
factors, including  the primary sex signal &:E, the HER 
genes, and each other, as TRAl and E M 1  negatively 
regulate and mutually exclude each other’s expression 
according to this model. With the negative model of 

FIGURE 4.-A diagrammatic  representation of 
the  positive  model of sex determination.  The reg- 
ulatory interactions  among  exogenous &:E and 
the major sex-determination genes are shown at 
the top.  The  influence of the  presence  or  absence 
of exogenous  on  the  activity of these genes 
and the sex of the wild-type gametophyte is shown 
below.  In  this figure, “on” indicates a require- 
ment for the wild-type  gene product  and “off’ 
indicates  that the wild-type gene product is not 
required.  “Antheridia”  indicates  genes  required 
for  antheridia  development  and “meristem, ar- 
chegonia’’  indicates genes necessary for meri- 
stem and  archegonia  formation. Lines ending in 
arrows indicate positive interactions whereas 
those ending in bars  indicate repressing interac- 
tions. HER includes at least  three HER loci de- 
fined by herl, h u l l  and herl? whose order in the 
pathway has not been established. 
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ACE + HER .-+ TFtAl antheridia 

wild type +ACE- HER  antheridia 

on  archegonia 

/ 
early: 

HER off 

wild type -ACE 

\ 
late: 

TRAl&+  antheridia 

FEM1 t/ archegonia 
meristem, 

HER off TRA1diminishes  antheridia 

FEMl -1 meristem, on archegonia 

0“ 

1: 
FIGURE 5.-A diagrammatic representation of the negative model of sex determination.  The regulatory interations among 

&:E and  the major  sex-determination  genes are shown at  the top. The effect of exogenous &:E on  the activity  of these  genes 
and  the sex of the wild-type gametophyte is shown in the middle of the diagram. The effect of no exogenous on gametophyte 
development, shown at  the bottom of the diagram, is divided into two parts, early and late. Early refers to  the events that occur 
early in  gametophyte development as the meristem is initiated and  the  archegonia begin to  form. These same events also apply 
to dividing cells of the meristem of older gametophytes and  the  archegonia initials that develop throughout  the life of the 
gametophyte, which ends when the egg  inside the  archegonia is fertilized. Late refers specifically to  the events that occur  in 
some cells at  the  border of the meristem  where antheridia initials develop. In these cells, TRAl activity diminishes  (as  indicated) 
to the  point where TRAl no  longer represses E M 1  and E M 1  consequently represses TRAl activity. “Antheridia”  indicates 
genes required  for  antheridia development and “meristem, archegonia” indicates  genes necessary for meristem and archegonia 
formation. “On” indicates  a requirement for the wild-type gene  product,  and “off’ indicates that  the wild-type gene  product 
is not  required.  The lines ending in arrows indicate positive interactions whereas those ending in bars indicate  repressing 
interactions. HER includes at least three HER loci defined by herl, her11 and herl? whose order in the pathway has not been 
established. 

sex determination,  the  hermaphrodite is  viewed  as an 
essentially female gametophyte that  later produces an- 
theridia in  only a few cells.  How the genes are regulated 
during  normal male and hermaphrodite and  mutant 
intersex development according  to this model is de- 
scribed. 

The deuelopment of the  male  gametophyte: The devel- 
oping gametophyte is initially competent  to respond to 

early  in development as the  spore wall cracks and 
division of the  spore nucleus begins (BANKS et al. 1993). 
If exogenous &:E is present from this point in time 
onward, the gametophyte develops as an ameristic 
male. According to the negative model, &E activates 
the HER genes, which, together with ITMI,  repress 
TRAl activity.  Because TRAl is not expressed, the genes 
required for antheridia differentiation are expressed 
and FEMI is not repressed. The expression of E M 1  
leads to repression of the genes required  for meristem 
and archegonia  formation. The gametophyte thus de- 
velops  as an ameristic male and will continue  that pro- 

gram of expression as long as exogenous &.E is present. 
If &:E is withdrawn from the  supporting medium, the 
HERgenes, no longer active, cannot repress TRAl. Con- 
sequently, TRAl is expressed resulting in repression of 
antheridia differentiation and E M 1  activity. The re- 
pression of E M 1  activity  in  newly dividing cells  allows 
the expression of genes required  for meristem and ar- 
chegonia differentiation. New growth  of the &;E-depen- 
dent male thus switches from ameristic male to meristic 
hermaphrodite after exogenous &:E is withdrawn from 
the gametophyte. 

The evidence indicating that both the HERgenes and 
E M 1  are  required to repress TRAl is the phenotype of 
the feml mutant, which does not form antheridia in 
either  the presence or absence of &:E. If &,-mediated 
activation of  HER genes was sufficient for TRAl repres- 
sion, the f e d  gametophyte would be expected to  be 
intersexual in the presence of because under these 
conditions IZMl  would be inactive by mutation and 
TRAI would be repressed by the &:,-activated  HER 
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genes. Because the fernl gametophyte is not intersexual 
but  female, it is likely that  the E M 1  and  the HERgenes 
are  both necessary for  the repression of TRAl.  This 
interpretation of male development is also consistent 
with the trul and hm tral mutant phenotypes. If the 
TRAl gene is irreversibly inactivated by mutation, nei- 
ther Ft:Ml nor  antheridia differentiation can be re- 
pressed. In  this case, antheridia differentiate because 
TRAl is inactive, meristem and archegonia differentia- 
tion is repressed because E M 1  is active, and  the trul 
gametophyte develops as a male even  in the  absence of 
&,F.. Because tral is epistatic to the her mutations, the 
phenotype of her trul double  mutants can be seen in 
the same way. 

The dmelopment of the  hermaphrodite: The Ceratopteris 
gametophyte develops as a meristic hermaphrodite if 
never exposed to &:, or if exposed to &:p during a 
period of development when it is not  competent to 
respond to &;E (BANKS et al. 1993).  The events that 
occur  during  the early  stages of gametophyte develop- 
ment, when the gametophyte is competent to respond 
to exogenous &:E but is absent,  are  considered first. 
According to the negative model, in the  absence of &:k: 
the HER genes are  not active and TRAl is not repressed 
in the developing gametophyte. The expression of 
TRAI has two consequences: it represses differentiation 
of antheridia in the region of the gametophyte occu- 
pied by the actively dividing meristem and it represses 
FEMl, which promotes differentiation of a meristem 
and archegonia. This interpretation is consistent with 
the f im l  and her /em1 mutant  phenotypes, which are 
meristic females. In both cases, the irreversible inactiva- 
tion of FEM1 by mutation has two consequences. One 
is that  the genes required  for meristem and archegonia 
differentiation are  not  repressed, and the  other is that 
7’Ml  cannot be repressed. Consequently, genes re- 
quired for antheridia differentiation are repressed 
while genes required  for meristem and archegonia dif- 
ferentiation  are  not repressed in the feml gametophyte, 
regardless of the absence or presence of 

In both hurand wild-type gametophytes grown in  the 
absence of exogenous &:E, antheridia develop after the 
establishment of the meristem and  are first observed at 
the  perimeter of the  meristem, distal to the meristem 
notch and archegonia. As the cell  passes from an  undif- 
ferentiated state in the meristem and becomes commit- 
ted to differentiating as an  antheridium,  the TRAl gene 
(the repressor of antheridia differentiation genes) 
should  become inactive and the FEMl gene (the repres- 
sor of meristem/archegonia differentiation genes) 
should  become active if the negative model is correct. 
Furthermore, these changes in TEA1 and E M 1  activity 
that accompany the  change in fate from undifferenti- 
ated meristematic to antheridial  are independent of the 
HER genes, because her mutant gametophytes produce 
antheridia,  and  dependent  on FEMl gene activity since 
/em1 mutant gametophytes do  not produce  antheridia. 

Understanding how E M 1  and TRAl activities are mod- 
ulated to allow differentiation of antheridia in some 
cells surrounding  the meristem is  key to understanding 
how antheridia form on  an essentially female gameto- 
phyte. One possible explanation is that TRAl encodes 
a diffusable factor that is only expressed in actively di- 
viding cells and whose  activity diminishes as cells exit 
the meristem. This could establish a gradient of TRAl 
activity that is highest in  the  center of the meristem 
and progressively  lower in surrounding cells. If TRAl is 
a negative regulator of FEMl, as proposed, diminished 
TRAl activity in cells at  the  periphery of the meristem 
would  allow some expression of FEMl in these cells. 
Assuming that FEMl by itself is a weak negative regula- 
tor of TRA1, the regulatory interactions between FEM1 
and TRAl could, in these cells, favor a state where TRAl 
is repressed and FEMl is expressed. Such cells  would 
differentiate as antheridia. If tEM1 is a weak negative 
regulator of TRA1, this repression of TRAI should be 
relieved in feml mutants and TRAl maintained at a 
level high enough to completely suppress antheridia 
differentiation in fernl mutants, thus explaining why 
antheridia fail to differentiate in the fPm1 female. The 
negative regulatory interactions between FEMl and 
TRAl can be tested by isolating gain-of-function alleles 
of FEMI and TRAl.  According to this model, gain-of- 
function alleles of E M 1  and TRAl are  predicted to 
exhibit  phenotypes similar to that  for TRAl and FEM1 
loss-of-function alleles, respectively. At this time, the 
possibility that each gene acts in both a positive and 
negative fashion, as with the doublesex (dsx) gene of L). 
melanogaster (BURTIS et al. 1991; JURSNICH and BURTIS 
1993),  cannot be excluded. 

The dmelopment of the intersexual gametophyte: The phe- 
notypes of the trul  feml and trul  feml her1 mutant ga- 
metophytes are intersexual, as previously described. If 
the negative model of sex determination is correct,  the 
irreversible inactivation of both TRAl and FEM1 should 
lead to the simultaneous expression of genes required 
for meristem, archegonia and antheridia in the devel- 
oping gametophyte. The absence of 7‘RAl and E M 1  
activity should also eliminate the negative regulatory 
interactions between TRAl and FEMl. Although the 
intersexual gametophyte initiates antheridia, archego- 
nia and a meristem,  the  archegonia and meristem are 
either  nonfunctional or poorly developed, indicating 
that these structures  cannot be maintained as  they are 
in the wild-type hermaphrodite. This could be due to 
the  inappropriate expression of  male-specific genes in 
these female structures. To  determine whether sex  cells 
(or their  precursors) of the intersexual gametophyte 
simultaneously express genes that  are normally re- 
pressed by TRAl and FEMl can be determined using 
molecular markers specific to cells of each sex  type. 

The proposed models of sex determination  in Cerat- 
opteris  are preliminary and likely to be modified as 
more genes that  are involved in sex determination  are 
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identified. However, the negative model of  sex determi- 
nation  does resemble in many ways a model put forth 
by NAF (1961, 1979) to explain how  sex is regulated by 
antheridiogen in other species of homosporous ferns. 
NAF proposed  that  there exists a block to antheridium 
formation which is a  function of the meristem. The 
block is reversible by antheridiogen in juvenile gameto- 
phytes that have not yet formed  a meristem but is not 
reversible in older meristic gametophytes. NAF based 
this model primarily on his observations (1961) and the 
observations of others (CZAJA 1921; P&s 1958; DOPP 
1959) that if the meristem is removed from the gameto- 
phytes of other homosporous  ferns,  the fragments lack- 
ing  the meristem form antheridia in the absence of 
exogenous antheridiogen indicating that  the meristem 
produces  an  inhibitor of antheridia formation in the 
gametophyte. The results of the genetic analysis  of  sex 
determination in Ceratopteris indicate that, like other 
ferns, there exists a block to antheridia  formation,  a 
consequence of TEA1 activity. The block (TRAl) can 
be reversed (repressed) by as long as the gameto- 
phyte is competent  to  respond to &E (HER genes can 
be activated) and a meristem has not  formed ( E M 1  is 
also active). The parallels between the NAF model and 
the negative model of gene  interaction in Ceratopteris 
indicate that  the mechanism underlying sex determina- 
tion may be conserved among  homosporous  ferns with 
an  antheridiogen response. However, the sex-determin- 
ing genes and their interactions may  vary among differ- 
ent species of ferns as there is considerable variation 
in the spatial and temporal expression of meristem, 
archegonia and antheridia  during gametophyte devel- 
opment  among species. If the sex-determining mecha- 
nism is conserved, it will be of interest to understand 
the  fate of the sex-determining genes as plants evolved 
from homospory, where sex is determined after sporo- 
genesis during  the gametophyte generation, to heteros- 
pory, where sex is determined  during  the sporophyte 
generation such that  the sex  of each spore is deter- 
mined  prior to its formation (SUSSEX 1966). 
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