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ABSTRACT 
The  haploid  gametophytes of the  fern Cerutopteris richardii are  autotrophic  and  develop  independently 

of the  diploid  sporophyte  plant.  While  haploid  genetics is useful  for  screening  and  characterizing 
mutations  affecting  gametophyte  development  in  Ceratopteris, it is difficult to assess  whether a gameto- 
phytic  mutation  is  dominant or recessive or to determine allelism by complementation analysis in a 
haploid  organism.  This  report  describes how  apospory  can  be  used to produce  genetically  marked 
polyploid  sporophytes whose gametophyte  progeny are heterozygous  for  mutations  affecting  sex  determi- 
nation in the  gametophyte  and a known  recessive  mutation  affecting  the  phenotype  of  both  the  gameto- 
phyte and  sporophyte.  The  segregation  ratios of wild-type  to mutant phenotypes  in  the  gametophyte 
progeny of polyploid  sporophyte  plants  indicate  that  all of the  mutations  examined  are  recessive.  The 
presence of many multivalents  and few univalents in meiotic  chromosome  preparations of spore  mother 
cells  confirm  that  the  sporophyte  plants  assayed  are  polyploid.  The DNA content of the  sperm of their 
progeny gametophytes was also  found to be  approximately twice that of sperm  from  wild-type  haploid 
gametophytes. 

T HE life  cycles  of  all  sexually reproducing vascular 
plants alternate between a  haploid gametophyte 

phase and diploid  sporophyte phase of development. 
Although  the gametophyte became more  reduced in 
size and  more  dependent  on  the sporophyte as  vascular 
plants evolved, the function of the gametophyte,  to pro- 
duce  the male and female gametes, remains essential 
to all  sexually reproducing plants (DICKINSON 1994). 
Unlike the gametophytes of flowering plants, which are 
entirely surrounded  and protected by maternal tissues 
of the flower throughout most of their  development, 
the gametophytes of ferns are  autotrophic  and entirely 
independent of the  sporophyte. All aspects of fern ga- 
metophyte growth and development, from spore germi- 
nation to fertilization of the egg, can be easily observed 
and studied in ferns in a nondestructive way. Of the 
ferns, Ceratopteris m'chardii has been developed as a 
model  genetic system for studying genes involved in 
gametophyte growth and development (HICKOK et al. 
1995). 

The haploid  spores of Ceratopteris develop as either 
male or  hermaphroditic gametophytes. The sex of  the 
gametophyte is determined by the  pheromone  an- 
theridiogen (or A C E ) ,  which is secreted by the  hermaph- 
rodite and induces male development of gametophytes 
that  are exposed to the  pheromone continuously from 
the time of spore  germination (BANKS et al. 1993). To 
identify genetic factors that  are also involved in sex 
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determination in Ceratopteris,  mutations affecting the 
sex of the gametophyte have been isolated and charac- 
terized (WARNE et al. 1989; BANKS 1994).  The epistatic 
interactions  among these genes have been  studied and 
used to derive models that describe how  may affect 
the activities  of these interacting  genes  in  determining 
the sex of the gametophyte (EBERLE and BANKS 1996; 
BANKS 1997).  These models assume that  the sex-de- 
termining  mutations are  the result of  recessive,  loss-of- 
function mutations. While haploid genetics has been 
useful for identifylng such gametophytic mutations, it 
is impossible to assess whether  a  mutation is dominant 
or recessive or to determine allelism by complementa- 
tion analysis in a  haploid organism. One way to test the 
assumption that sex-determining mutants are recessive 
is to double  the ploidy  level of the  sporophyte and its 
gametophyte progeny such that  the ability of a wild- 
type gene to complement  a  mutant allele in the gameto- 
phyte can be determined. 

DRUERY (1884) first reported  that gametophytes 
could be regenerated from the  diploid cells  of intact 
sporophyte leaves  of the  fern Adiantum  felix-jiiina with- 
out meiosis, a process termed apospory. This early find- 
ing  demonstrated  that gametophytes could be haploid 
or diploid and  that ploidy  level alone could not suffi- 
ciently explain the  dramatic differences between the 
diploid  sporophyte and haploid gametophyte phases of 
the  fern life  cycle. In theory, apospory can be used to 
generate  tetraploid sporophytes of Ceratopteris, which 
then  produce  diploid gametophytic progeny. If the re- 
sulting tetraploid  sporophyte is heterozygous for game- 
tophytic mutations and meiosis is normal,  the segrega- 
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tion ratios of mutant  and wild-type phenotypes in the 
diploid gametophyte progeny can be used to determine 
whether gametophytic mutations are  dominant  or re- 
cessive. This report describes how apospory can be in- 
corporated  into  the life  cycle  of Ceratopteris to gener- 
ate genetically  polyploid sporophytes heterozygous for 
a known  recessive mutation and each of four hermuphrc- 
ditic (her), sex-determining mutations. The results  of 
this  study indicate that  the  four her mutations are reces- 
sive. 

MATElUALS  AND METHODS 

The origins of the wild-type Hnn strain and  the herl, her3, 
herl0, and herl 7 mutants of C. richardii, the conditions for 
gametophyte and sporophyte culture,  and  the  methods  for 
self-fertilizing and out-crossing gametophytes are described 
in BANKS (1994).  The clumped  chloroplast2 (cp2) mutant was 
originally selected  from herl spores  mutagenized with EMS 
according to BANKS (1994).  The cp2 mutation causes the chlo- 
roplasts to aggregate to  one  corner of the cell and is similar 
to a cp allele previously isolated and described (VAUGHN et al. 
1990). The cp phenotype is easily observed in individual cells 
of gametophytes and homozygous sporophytes. Because the 
cp2 mutation is recessive in the sporophyte and visible in the 
gametophyte, it serves as an  internal  control in  these  experi- 
ments. 

Diploid sporophyte  plants heterozygous for cp2 and each 
of the  four her mutations were generated by crossing her  cp2 
hermaphrodites by wild-type males. The female was used as 
a  gamete donor of mutant alleles in  these crosses to confirm 
hybridity of the cross. The leaves of the young  sporophyte 
plants (genotypically HER her/CP2  cp2 and phenotypically 
wild-type) that  had  formed  no  more  than five leaves were 
removed and placed on  fern  medium (FM; containing 0.5X 
Murishege Skoog salts, pH 6.0, solidified with 0.7% washed 
agar). After about 1 month, gametophytic outgrowths that 
had  regenerated  from  the sporophyte leaf were isolated. Al- 
though all  of the putative diploid  gametophytic  outgrowths 
were hermaphrodites, it is unknown whether &E is present 
in cells of the sporophyte or if the aposporously derived, de- 
veloping gametophytes are  competent  to  respond  to &E even 
if &:E is present. For these  reasons, the aposporously derived 
hermaphrodites were self-fertilized and  the  phenotype of 
their progeny  gametophytes was assessed. Intra-gametophytic 
fertilization of aposporously derived gametophytes  should re- 
sult  in  tetraploid  sporophytes that  are genotypically her  her 
HER HER/cp2 cp2 CP2 CP2. These  sporophytes were trans- 
ferred to soil and grown for 6-10 months  in a greenhouse. 
Of the putative tetraploid  plants generated in this manner, 
only about  one  fourth  produced viable spores. The  remaining 
plants were small, displayed an irregular,  disorganized growth 
pattern,  and  did  not survive to  produce fertile sporophylls. 
If possible, each  sporophyte was vegetatively propagated by 
transferring the plantlets that  formed along the margins of 
the leaves into soil. The sexual phenotypes of the progeny of 
putative tetraploid  sporophytes were scored  after growth on 
FM medium  containing  antheridiogen  (or &;E) prepared as 
described in  BANK^ (1994). Because it is difficult to assess the 
cp2 phenotype  in male gametophytes, the cp2 phenotype was 
scored from  hermaphroditic members of the population. 

Meiotic chromosome squashes of spore  mother cells were 
obtained from the sporangia on  unfurling  fronds of green- 
house-grown plants, harvested between 1100 and 1300 hours. 
Tissue was prepared,  stained,  and  mounted  for cytological 
examination according to HICKOK (1977). 

To measure the DNA content of sperm cells, sperm were 

harvested in liquid FM from haploid and putative diploid 
gametophytes then stained with propidium  iodide following 
the protocol Of ARUMUGANATHAN and EAFXE (1991). Chicken 
red  blood cells (CRBC) were used as an  internal  standard 
and  added  to  an aliquot of sperm before staining. The fluo- 
rescence of cells (sperm  and  sperm plus CRBC)  was measured 
using a Coulter Elite cytometer (Coulter Electronics, Hialeah, 
FL)  with a 15 mW air-cooled, argon-ion laser operating at  a 
wavelength of 488 nm  and with a 550-nm dichroic filter. 

RESULTS 

The  segregation of cp2 and her alleles in the  gameto- 
phyte  progeny of heterozygous  diploid  sporophyte 
plants Diploid sporophyte plants that  are heterozy- 
gous for herl, her3, herl0, and herl 7segregate hermaph- 
rodite  and male progeny in a 1:l ratio when grown 
on medium containing A C E  (Table 1). Under  the same 
conditions, wild-type spores develop as males (data  not 
shown). The progeny of sporophytes heterozygous for 
cp2 are male  in the presence of and segregate cp2 
and CP2 hermaphrodite gametophytes in a 1:l ratio 
when grown  in the absence of (Table 1). The prog- 
eny of sporophytes heterozygous for cp2 and each of 
the her alleles segregate CP2 hermaphrodites, cp2 her- 
maphrodites, and males (either CP2 or cp2) in a 1:1:2 
ratio on medium containing &;E (Table 1). These segre- 
gation ratios indicate that each mutation (hml,  her3, 
hm10,  herl 7, and cp2) behaves as a single Mendelian 
trait and  that 4 2  segregates independently of all her 
alleles. 

The  segregation of cp2 and her alleles in  the  gameto- 
phyte  progeny of putative  heterozygous  tetraploid  spo- 
rophyte  plants: To  generate tetraploid plants that  are 
genotypically her  her HER  HER/@ cp2 CP2 CP2, diploid 
hermaphroditic gametophytes were derived by apos- 
pory from diploid sporophyte leaves,  genotypically CP2 
cp2/HER her (see MATERIALSAND METHODS). Intra-game- 
tophytic fertilization of these diploid gametophytes 
should yield a tetraploid sporophyte plant. The progeny 
spores of such fertile, putative tetraploids were plated 
on medium containing&;E. If the sporophyte is diploid, 
the progeny gametophytes should segregate her her- 
maphrodites to HER males, and her cp2 hermaphrodites 
to hm CP2 hermaphroditic gametophytes, in a 1:l ratio 
on medium containing If the sporophyte is tetra- 
ploid and the mutations are recessive, the segregation 
of the same should be 1:> 1. The null hypothesis tested 
by these crosses is that  the progeny of the aposporously 
derived plants segregate mutant to wild-type pheno- 
types  in a 1:1 segregation ratio; i.e., the  parent sporo- 
phyte is diploid and produces haploid progeny. Rejec- 
tion of the null hypothesis would indicate that these 
sporophytes do  not segregate wild-type and  mutant phe- 
notypes in a ratio expected of a diploid sporophyte 
plant, and, therefore,  are  not diploid. 

The segregation ratios of the phenotypes in the prog- 
eny gametophytes of the putative tetraploids are shown 
in Table 2. Of 33 independently derived putative tetra- 
ploid plants, the null hypothesis could not be rejected 
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TABLE 1 

Segregation of cp2 and her alleles in the  haploid  gametophyte  progeny of diploid  sporophytes 

81 1 

Expected 
ratioa 

No. of progeny  CP2 
Genotype of parent herm:cp2 

sporophyte CP2 herm cp2 herm  Maleb  herm:maleb x2; p 

HERl herl 
HEY3 her3 
HERl 0 her1 0 
HERl 7 herl 7 

HERl  herl/CP2  cp2 
HER3 her3/CP2  cp2 
HERl 0 herl O/ CP.2 cp2 
HER1 7 herl 7/ CP2  cp2 

CP2  cp2 

206 
151 
122 
147 
53" 

108 
133 
26 
94 

0 
0 
0 
0 

5OC 
98 

123 
27 

111 

195 
153 
115 
150 

0' 
195 
237 
55 

195 

1:O:l 
1:O:l 
1 :o: 1 
1 :o: 1 
1:l:OC 
1:l:Z 
1:l:Z 
1:1:2 
1:l:Z 

0.31; >0.50 
0.01; >0.90 
0.21; >0.50 
0.03; >0.70 
0.09;  >0.70 
0.80; >0.30 
1.14;  >0.20 
0.06; >0.70 
1.70; >0.10 

a The  ratios  are  that  expected  for  the  null  hypothesis of assortment from a diploid  sporophyte. 
Gametophytes were grown  on medium containing &E. 

Gametophytes  were  grown  individually in medium  lacking A C E ;  in the  presence of A C E ,  all  gametophytes  are  male. 

only four times (see plants 17242, 17241 1, 1742-3 and 
1733-1). In  the  remaining 29 plants, the observed ratios 
of cp2 her hermaphrodites to CP2 her hermaphrodites 
ranged  from 12.0 to 1:9.3, while the observed ratios of 
her hermaphrodites to HER males  in the same popula- 
tions ranged from 1:2.4 to 1:6.3. In no instance did 
the  number of gametophytes with a  mutant phenotype 
exceed  the  number of gametophytes with  wild-type phe- 
notypes in these plants, which  would be  expected if 
either  the her or cp2 mutations were dominant.  Spore 
viability,  assessed by determining  percent  germination, 
ranged from 20 to 57% in the progeny of putative fertile 
autopolyploid plants; more  than 70%  of  wild-type 
spores germinate  (data  not  shown). The decrease in 
viability  of  polyploid spores may affect the segregation 
ratios of gametophyte phenotypes. These results indi- 
cate that most of the  parent sporophytes are not diploid 
but polyploid, and that  the her and cp2 mutations are 
recessive. 

Independent  measures of ploidy level: The ploidy 
level  of genetically polyploid sporophytes was con- 
firmed by examining meiotic chromosomes. The chro- 
mosomes of autotetraploid plants should form multiva- 
lents (pairing of more  than two homologous chromo- 
somes) during meiosis. The chromosomes of spore 
mother cells, isolated from the sporangia of  wild-type 
diploid and five plants genetically polyploid for each of 
the alleles, were examined. Each autotetraploid  plant 
should have 156 chromosomes ( n  = 39) and form 39 
tetravalents at metaphase I, whereas the diploid should 
form 39  bivalents. In all  cases, the  number of chromo- 
somes in the polyploid sporophytes was much  greater 
than 78, and a few univalents and many multivalents 
were observed in spore  mother cells  of the same plants 
undergoing meiosis (illustrated in Figure 1). Although 
it is not possible to resolve  trivalents from tetravalents 
in these chromosome  preparations, all of the putative 

tetraploids examined  contained  more  than two sets of 
homologous chromosomes, although each set may not 
be complete due to aneuploidy. 

Cells  of the diploid gametophyte progeny of an auto- 
tetraploid sporophyte should have  twice the DNA con- 
tent of normal haploid gametophytes. The relative 
amount of  DNA in wild-type haploid and putative d i p  
loid sperm was assessed by staining sperm samples, with 
and without chick red blood cells  (CRBC) , with propid- 
ium iodine (PI), a fluorescent DNA stain. The PI fluo- 
rescence of each sperm or cell was assessed by cell flow 
cytometry. As shown  in Table 3,  the mean PI fluores- 
cence of the sperm of gametophytes whose sporophyte 
parents  are autopolyploid was approximately twice that 
of haploid sperm obtained  from wild-type (Hnn) male 
gametophytes. The variance of  PI fluorescence in a p o p  
ulation of sperm was also greater in these sperm sam- 
ples compared to the wild-type, haploid sperm (Table 
3). The mean PI fluorescence of sperm from gameto- 
phytes derived from plant 1742-3,  whose segregation of 
mutant  and wild-type phenotypes is consistent with the 
parent sporophyte being diploid, is similar to the mean 
PI fluorescence of sperm from wild-type, haploid sperm 
(Table 3). 

DISCUSSION 

Several mutations of Ceratopteris that affect the sex 
of the gametophyte have been isolated and character- 
ized (EBERLE et al. 1996).  The HER loci examined in 
this study are  thought to encode  proteins  that  are in- 
volved  in the  perception and/or transduction of &., 
the primary sex-determining signal  in this species, since 
her mutants are insensitive to the  pheromone.  Whether 
this  signal transduction pathway  is  inactive or active 
ultimately determines  the sex  of the gametophyte, 
which is either  hermaphroditic when &E is absent or 



812 B. DeYoung et al. 

TABLE 2 

Segregation  ratios of her and qb phenotypes in the  progeny  gametophytes of putative  tetraploid  sporophytes 

Expected 
ratio" 

_ _ _ _ _ ~ ~  

No. of progeny 
cp herm: CP Observed  ratio cp2 Observed  ratio 

her allele Plant no.* cp herm CP herm  Male'  herm:male' x'; P herm:herm  herm:male 

herl 17241 19 38 
17242 70 90 
17247 12  62 
17248 12 57 
17241 1 65 68 

her? 

1740-5 
1741-2 
1741-5 
1741-7 
1743-1 
1743-7 
17465 
17261 
1726-2 
1727-4 
1728-6 
1728-9 
17394 
1742-3 
1742-6 
1745-4 
1745-5 
1745-7 
1745-9 

herl 0 1733-1 
17341 
17344 
17346 
17445 
17442 

herl 7 1731-1 
1747-1 
1747-2 

9 52 
11 41 
13 79 
22 94 
9 46 
9 42 

11 51 
11 51 
6 46 
5 29 

12 53 
10 65 
6 40 

43 50 
11 58 
12  71 
37 154 
18 62 
12 61 
27  26 
23 94 
10 64 
11 57 
14 70 
19 39 
28 33 
59 65 
14 74 

268 
159 
300 
300 
168 
300 
300 
404 
615 
300 
300 
326 
301 
388 
135 
234 
234 
254 
107 
373 
344 
664 
300 
346 

55 
283 
350 
323 
400 
302 
318 
367 
365 

1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:l:Z 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 
1:1:2 

139.02; <0.001 
2.51; >0.20 

149.94; <0.001 
154.43; <0.001 

3.01; >0.20 
168.47; <0.001 
143.73; <0.001 
213.82; <0.001 
354.82; <0.001 
176.80; <0.001 
182.84; <0.001 
187.87; <0.001 
166.19; <0.001 
237.28; <0.001 
67.18; <0.001 

106.77; <0.001 
101.39; <0.001 
153.74; <0.001 

1.47; >0.30 
219.08; <0.001 
175.84; <0.001 
236.68; <0.001 
137.55; <0.001 
189.33; <0.001 

0.06; >0.70 
94.10; <0.001 

193.41; <0.001 
177.13; <0.001 
219.28; <0.001 
167.60; <0.001 
174.40; <0.001 
120.41; <0.001 
185.2'7; <0.001 

1:2.00 
1:1.29 
1:5.17 
1:4.75 
1:1.05 
1:5.78 
1:3.72 
1:6.08 
1:4.27 
1:5.11 
1:4.67 
1:4.64 
1:4.64 
1:9.33 
1:5.80 
1:4.42 
1:6.50 
1:6.67 
1:1.16 
1:5.27 
1:5.92 
1:4.16 
1:3.40 
1:5.08 
0.96:l 
1:4.09 
1:6.4 
1:5.18 
1:5.0 
1:2.05 
1:1.18 
1:1.10 
1:5.29 

1:4.70 
1:1 
1:5.05 
1:4.35 
1:1.26 
1:4.92 
1:5.77 
1:4.39 
1:5.30 
1:5.45 
1:5.88 
1:5.26 
1:4.85 
1:6.26 
1:3.97 
1:3.60 
1:3.12 
1:5.52 
1:1.15 
1:5.41 
1:4.14 
1:3.48 
1:3.75 
1:4.74 
1:1.04 
1:2.42 
1:4.73 
1:4.75 
1:4.76 
1:5.21 
1:5.21 
1:2.96 
1:4.45 

'' The  ratios  are  that  expected  for  the null hypothesis  of  assortment  from a diploid  sporophyte. 
*Each plant listed  represents a putative  tetraploid  plant  independently  derived by apospory  and  self-fertilization of the 

gametophyte.  Plants  with  the  same first four  digit  numbers  were  different  aposporous  gametophytes  but  derived  from  the  same 
leaf. 
' Gametophytes  were  grown  on  medium containing &:E. 

male when &:E is present. The  four her alleles are  not 
linked to one  another, indicating  that they represent 
four  different  genetic loci (EBERLE et al. 1996),  nor  are 
they linked to  the cp2 locus (this  study). Three her 
alleles (herl ,  her3, and her10) are completely penetrant 
and expressive  while her1 7 is incompletely penetrant in 
that progeny gametophytes of sporophytes homozygous 
for her1 7 produce some (<5%)  males (EBERLE et al. 
1996). Since diploid sporophytes that  are homozygous 
or heterozygous for  each of the her mutations  are indis- 
tinguishable from each other  and from wild-type plants 
(BANKS 1994), these mutations have no effect on sporo- 
phyte development. The difficulty in studying gameto- 
phytic mutations in Ceratopteris is that  complementa- 
tion analysis to determine  their  dominance, reces- 

siveness, or allelism cannot be performed. The purpose 
of this study was to determine if this problem could be 
overcome by producing  diploid gametophytes heterozy- 
gous for  mutations known to affect only gametophyte 
development. 

The ploidy  levels  of fern sporophytes and gameto- 
phytes can be artificially altered by two processes, re- 
ferred to as apospory and apogamy (reviewed by 
WALKER 1979; WHITE 1979). In apospory, diploid game- 
tophytic tissue is produced from diploid sporophytic 
tissue without an intervening meiotic division or  the 
production of spores. In apogamy, sporophytic tissue is 
induced  from gametophytic tissue without the interven- 
tion of fertilization. Apospory has been used in several 
species of ferns to generate synthetic autotetraploid 
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It is possible that in the  generation of these four plants, 
the gametophyte derived by apospory underwent apog- 
amy, thus resulting in a diploid sporophyte. 

The examination of meiotic chromosomes of  five  ge- 
netically identified polyploid plants revealed the pres- 
ence of a few univalents and many  mulivalents  in  all 
samples. Aneuploidy is frequently observed  in tetra- 
ploid maize, indicating  that chromosomes may be 
gained or lost during meiosis  following the event that 

stained with acetocarmine, of plant 1724-8. The approxi- chromosomes is four times the monoploid number 
mately 150 chromosomes apparent in A pair during meiosis 
to form tetravalents, trivalents, or univalents (indicated by (RANDOLPH 1935). Although the presence of univalents 
arrows) shown in B. Scale bars, A, 25 nm; B, 50 nm. in tetraploid spore  mother cells  of Ceratopteris sporo- 

phytes indicates that  the  spores  and gametophytes de- 

metophytes. However, the segregation of mutant alleles Of chromosomes in the geneticab' polyploid Tore 
in synthetic autotetraploids has not been  reported in PhYtes iS much greater than twice the number Of chro- 
any fern. mosomes in a haploid set (n = 39). 

In this study, synthetic autopolyploids that  are  hetero- A direct way of confirming the ploidy  level of the 
zygous for each of four her alleles and 42, a known gametophyte is  by measuring and comparing DNA con- 
recessive mutation, were produced via apospory. A ma- tent in individual cells. The sperm of Ceratopteris are 
jority  of these plants do not segregate wild-type and single-celled, motile, and easily collected from male ga- 
mutant (cp20r I t e r )  progeny gametophytes in a 1:l ratio, metophytes. For these reasons, their DNA content can 
indicating that  the  parent  sporophyte plants are  not  be readily determined by cell  flow  cytometry. As Pre- 
diploid but polyploid, at least for  the CP2 and HER loci. dicted,  the  amount of DNA in sperm of gametophytes 
The proportion of  wild-type to  mutant gametophytes derived from polyploid sporophytes was found  to be 
derived from genetically polyploid sporophyte plants about twice that of wild-type haploid sperm. However, 
was  always greater  than  one, indicating that  the 9 2  the variation in DNA content in putative diploid sperm 
and all her mutations are recessive. Four sporophytes was large compared  to haploid sperm. There  are two 
segregated wild-type and  mutant gametophytes in a 1:l possible explanations  for  the  greater variance observed 
ratio, indicating that  the  sporophyte  parent was diploid. in the sperm of gametophytes derived from polyploid 

FIGURE I."Mitotic (A) and  meiotic (B) chromosomes, led to polyploidy,  even though  the actual number  of 

sporophytes by self-fertilizing aposporous diploid ga- rived from them may be aneup1oid, the actua' number 

TABLE 3 

Measurements of PI fluorescence in haploid  and  diploid sperm by flow cytometry 

Mean 
fluorescence" 

Ratio of mean 
Sample Sperm/CRBC sperm/CRBC No. of sperm No. of CRBC 

Hnn 299 ( 10) /NA 19,314 
Hnn + CRBC 284 (11)/69  (3) 4.1 1,974 16,728 
1724-7 (herl) 599 (37) /NA 2,252 
17247 + CRBC 593 (37)/79  (3) 7.5 253 4,292 
1724-8 (herl) 596 (33) /NA 1,222 
1724-8 + CRBC 595 (34)/78 (3) 7.6 242 7,483 
1741-2 ( h a ] )  609 (36) /NA 1,189 
1741-2 + CRBC 607 (34)/81 (3) 7.6 880 18,955 
17262 (her3) 536 ( 100) /NA 5,076 
17262 + CRBC 591 (43)/78 (3) 7.7 2,391  17,771 
1742-3 (lm3) 293 ( 12) /NA 19,973 
1742-6 (her3) 570 (65) /NA 674 
17426 + CRBC 568 (68)/79  (3) 7.2 456 19,428 
17455 (hpr3) 599 (36) /NA 498 
17455 + CRBC 593 (37)/79 (3) 7.5 531 19,282 
1744-2 (hprlO) 579 (68) /NA 265 
1744-2 + CRBC 562 (50)/73  (5) 7.7 174  18,501 
1747-2 ( h e r l a  551 (83)/NA 1,641 
1747-2 + CRBC 582 (50)/76  (4) 7.8 1,137 18,875 . , .  . . 

"Values in parentheses are SD. CRBC, chick red blood cells; NA, not available. 
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parents. First, 2:2 disjunction of chromosomes during 
anaphase I of meiosis may not always occur for all ho- 
mologous chromosomes in a tetraploid spore  mother 
cell. The progeny gametophytes and sperm produced 
by them may thus be  aneuploid for different chromo- 
somes. A second factor to be considered is that  the 
differences in variation may reflect differences in  sam- 
ple size.  Since the gametophyte progeny of polyploid 
sporophytes produce far fewer sperm than wild-type 
haploid gametophytes, the  number of sperm analyzed 
per sample was  less than optimal for this technique 
(ARUMUGANATHAN and EARLE 1991). 

By three different criteria, we have demonstrated  that 
autopolyploid sporophytes can be  generated by induc- 
ing diploid gametophytes by apospory, followed by self- 
fertilization of the diploid gametophyte. The segrega- 
tion ratios of mutant  and wild-type phenotypes in the 
gametophyte progeny of heterozygous polyploid sporo- 
phytes indicate that  the mutants examined are reces- 
sive. Although it takes approximately 10-12 months to 
go from single haploid spore to mature diploid gameto- 
phyte, the  technique is  very simple and can be applied 
to most mutations affecting gametophyte growth and 
development in Ceratopteris. 
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