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ABSTRACT

Biological factors involved in reproductive barriers between two divergent races of Ceratopteris richardii
were investigated. We used a combination of spore germination rates, QTL analysis of spore germination
rates, and transmission ratio distortion (TRD) of 729 RFLPs, AFLPs, and isozyme markers distributed across
the genome on the basis of hybrid populations of 488 doubled haploid lines (DHLs) and 168 Fy’s. Substantial
reproductive barriers were found between the parental races, predominantly in the form of spore inviability
(23.7% F; spore viability). Intrinsic genetic factors such as Bateson-Dobzhansky—Muller (BDM)
incompatibilities involving both nuclear-nuclear and nuclear—cytoplasmic factors and chromosomal
rearrangements appear to contribute to intrinsic postzygotic isolation. The genomewide distribution
patterns of TRD loci support the hypothesis that reproductive barriers are a byproduct of divergence in
allopatry and that the strong reproductive barriers are attributable to a small number of genetic elements

scattered throughout the genome.

IVERGENT populations often exhibit various types
of reproductive barriers. These range from eco-
logical isolation such as habitat differentiation to
reduced courtship arising from differences in mating
behavior to complete hybrid sterility, ultimately resulting
in separate species. Reproductive isolation haslong been
thought to accumulate gradually following population
separation (STEBBINS 1950; DoBzHANSKY 1951; MAYR
1963; CoyNE and ORrr 1989), but an understanding of
reproductive isolation at the genetic and molecular
levels did not emerge until recently. Genetic mapping of
hybrid incompatibilities has provided insights into the
number, location, and effect of the genetic factors
underlying intrinsic postzygotic reproductive barriers
(NAVEIRA 1992; TRUE et al. 1996; COYNE et al. 1998;
PrRESGRAVES 2003; TAo et al. 2003a,b; MoYLE and
GraaaM 2005; FisuMAN and WiLLis 2006; SWEIGART
et al. 2006). Likewise, studying transmission ratio
distortion (TRD) of marker loci in segregating hybrid
populations has proven to be a sensitive assay for loci
underlying reproductive barriers between parental
populations (e.g., FISHMAN et al. 2001a; HARUSHIMA
et al. 2002; HaLL and WiLLis 2005). Determining the
identity of such genetic factors, their interactions, and
their evolutionary patterns will advance understanding
of the process of speciation.
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Ceratopteris, a homosporous fern genus comprising
several herbaceous species distributed throughout the
tropics and subtropics, typically found in aquatic to semi-
aquatic habitats such as river banks and ponds (LLoyD
1974), is among the few ferns with truly nonperennial
life cycles. Our study system, C. richardii Brongn., occurs
in the tropics from Central to South America (LLoYD
1974) and is a diploid species with 39 chromosomes. The
species has recently been promoted as a model system in
ferns (HICKOK et al. 1987) and its genetic linkage map
was recently described (NAKAZATO et al. 2006).

Although ferns have received extensive taxonomic
and phylogenetic study and are the second most diverse
group of vascular plants after seed plants, the mecha-
nisms driving speciation in ferns are largely unknown.
Here, we use segregating hybrid populations between
genetically divergent allopatric populations of C. richar-
dii to provide the first genetic study of factors contrib-
uting to reproductive barriers in ferns. We investigated
reproductive barriers between these populations at
three levels: spore germination rates as a measure of
hybrid fertility, QTL analysis of spore germination rates,
and TRD of marker loci distributed across the genome.
This multilevel approach permits inferences of the
likely genetic mechanisms and developmental phases
involved in reproductive isolation. In addition, we took
advantage of the fact that C. richardii gametophytes can
selffertilize to form completely homozygous doubled
haploid lines (DHLs). We compared spore germination
rates and TRD between DHLs and Fy’s to understand
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F1Gure 1.—Illustration of the crossing design for construc-
tion of the C. richardii mapping population. Bars with solid
and open segments indicate genomic content of Ha-PQ45
and ®N8 parents, respectively. Reproductive barriers and
their possible causes are summarized at asterisks. Sporangium
dysfunction refers to problems of sporangium tissues to nur-
ture spores.

differencesin reproductive barriers in completely homo-
zygous vs. partially heterozygous progeny.

MATERIALS AND METHODS

Sample preparation and genetic linkage map construction:
A genetic linkage map for C. richardii was constructed using
368 RFLPs, 358 AFLPs, and 3 isozyme markers on the basis of a
mapping population of 488 DHLs. The parental strains of the
mapping population, Ha-PQ45 from Cuba (Killip 44595, GH)
and ®N8 from Nicaragua (Nichols 1719, GH), were kindly
provided by Leslie Hickok (University of Tennessee) and were
crossed using Ha-PQ45 as the maternal parent to generate our
mapping population (Figure 1). DHLs were generated by
isolating F; gametophytes and self-fertilized in the presence of
distilled water (intragametophytic selfing). The methods of
plant culture, genotyping, and genetic linkage map construc-
tion have been detailed elsewhere (NAkKAzATO and GASTONY
2006; NARAZATO ef al. 2006). In addition to DHLs, 168 Fo
sporophytes were generated by random mating among F,
gametes (intergametophytic selfing) upon flooding mature F;
gametophytes on petri dishes with water and sporophytes were
cultured using the same methods employed for the DHLs
(Figure 1). These Fo’s were subjected to RFLP genotyping

along with DHLs, but only codominant markers were used for
the TRD analysis.

TRD analysis: x*tests were conducted to determine the
significance of TRD for each marker at the o = 0.05 level. For
DHLs, equal representation of the parental genotypes was
tested. For Fy’s, in addition to equal representation of the
parental genotypes, deviation of heterozygote frequencies
from the Hardy—Weinberg expectation was tested on the basis
of the frequency of the parental genotypes. Gradients of TRD
along linkage groups were estimated on the basis of available
markers using the “Negative Exponential” or “Bisquare”
smoothing function implemented in SigmaPlot (Systat Soft-
ware, San Jose, CA). To determine the likelihood of each
linkage group hosting at least one TRDL, a multivariate
statistical test incorporating the dependencies between loci
was developed and implemented separately for each linkage
group. For a given chromosome with m markers, let X = (X,
Xs,..., Xn) be the number of Ha-PQ45 alleles observed at
each marker. Let EX be the number of Ha-PQ45 alleles
expected at each marker that would be half the total number
scored. The covariance matrix G = (g(4, j)) is given by g(¢, j) =
n(1, 7) (0.25 — 0.57(4, j)), where n(s, j) is the number of spores
scored at both markers iand jand r(4, j) is the recombination
frequency between markers ¢ and j calculated using the
Kosambi map function from the genetic distance between
markers. Under the null hypothesis of no distortion, (X —
EX)G (X — EX)'follows a x*-distribution with m d.f. If the x*-
statistic is significant, then the linkage group as a whole
demonstrates some segregation distortion. This distortion can
be due to an over- or underrepresentation of Ha-PQ45 alleles
atasingle locus or adjacent loci or the distortion can be due to
an abrupt change in the frequencies in Ha-PQ45 alleles
between adjacent loci. All statistical analyses in this study were
conducted using either Microsoft Excel or SPSS v.12.0 (SPSS,
Chicago).

Spore-germination-rate estimation and QTL analysis:
Spore-germination rates were estimated by averaging the
proportion of spores germinated in four different areas on
petri dishes in the fern medium described in the C-Fern
Manual (Hickok et al. 1998). QTL analyses of spore germina-
tion rates among the DHLs were performed using Windows
QTL Cartographer V2.5 (WANG et al. 2006, http:/statgen.
ncsu.edu/qtlcart/WQTLCart.htm). Because of the highly
skewed distribution observed, spore germination rates were
arcsine-transformed prior to analysis. Permutation tests (1000
times) implemented in the program were used to estimate the
threshold level. Using the estimated threshold score, compos-
ite interval mapping (CIM) was conducted using the “forward
regression method” with the window size of 10 cM, five
background markers, and a walk speed of 2 cM. Two-way
epistatic interactions on spore germination rates were tested
between a pair of markers on different linkage groups. For
each pair, the mean difference between homoallelic (AABB,
aabb) and heteroallelic (AAbb, aaBB) DHLs was tested by
single-factor ANOVA implemented in Microsoft Visual Basic.

RESULTS

TRD among DHLs: A total of 729 markers were
scored and analyzed for TRD among DHLs. The trans-
mission ratio of Ha-PQ45 alleles for the studied markers
followed a roughly normal distribution, but the mean
ratio (49.5%) deviated significantly (two-tailed ttest, P=
0.023) from the neutral expectation of 50%, indicating
that ®N8 genotypes are slightly but significantly over-
represented among hybrid individuals. A substantial
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proportion (26.89%) of markers showed a significant
deviation from the neutral expectation of 50% at the
o = 0.05 level, with a maximum deviation of 65.3%
(82.7:17.3% Ho-PQ45:®PN8 genotypic ratio). Of these,
78 and 118 deviated toward Ha-PQ45 and PNS, re-
spectively (x*test, P = 0.004), again indicating a signif-
icant overrepresentation of ®N8 genotypes.

TRD along linkage groups (Figure 2) generally
followed smooth gradients around local peaks, consis-
tent with the presence of loci under selection and
genetic hitchhiking at the linked loci. On a visual basis,
we detected ~30 TRD loci (TRDLs) across the genome.
Most TRDLs had only modest effects (10-20% devia-
tion), but loci under extreme selection pressure are
fairly common (e.g., LG4, -5, 9, -22, -25, and -32).
Interestingly, the average percentage of TRD effect for
Ho-PQ45 (18.9%) was significantly greater (two-tailed
ttest, P=0.035) than that for ®N8 (16.2%). Therefore,
at the genome level, TRD toward Ha-PQ45 was less
frequent, but stronger compared to that toward ®N8.
Statistical analysis of linkage-group-wide TRD patterns
indicated that 31 of 41 linkage groups (75.61%) showed
evidence of at least one TRDL at the a = 0.05 level
(Figure 2), indicating that genetic factors contributing
to reproductive barriers are common and scattered
throughout the genome. In some cases, the entire
linkage group showed TRD (e.g., LG9, -12, -24, -32, and
-34), suggesting linkage of neutral markers to strongly
selected loci and/or the presence of multiple TRDLs in
the same direction (CHEVIN and HospiTAaL 2006).

TRD among Fy’s: A total of 108 codominant RFLP
markers among Fs’s were scored and analyzed for TRD.
As for DHLs, Ha-PQ45 genotypes were underrepre-
sented in Fy’s (49.3%), but this was not significant (two-
tailed #test, P > 0.1). A much smaller proportion of
markers (16; 14.81%) showed a significant deficiency (a =
0.05) of one of the parental genotypes compared to that
among DHLs (26.89%), although a direct comparison is
difficult because of much lower statistical power among
Fy’s. Nonetheless, the proportions of markers with
distorted parental genotypic ratios among DHLs and
Fy’s are comparable to that of some intraspecific crosses
[13—18% (ZamIr and TADMOR 1986; JENCZEWSKI ¢t al.
1997; Lu et al. 2002), but much lower than that of some
interspecific crosses; 80% (DEVICENTE and TANKSLEY
1993); 49% (FisHMAN et al. 2001a)]. Of 16 markers with
distorted parental genotypic ratios among Fy’s, 11
showed overrepresentation of ®N8 genotypes, again
consistent with the trend among DHLs. Seven of these

16 markers also exhibited TRD among DHLs. As
expected, in all cases the direction of deviation was
consistent across the two progeny types, indicating that
common selection often applies to different crossing
types. However, more than half of the distorted markers
(9/16) showed distortion only among Fy’s, despite its
lower statistical power. A clear example is the marker on
LG40, where the Ha-PQ45 genotype is overrepresented
among Fy’s, but the same marker showed no such bias
among DHLs. This suggests that some markers experi-
ence different selection pressures between DHL and
Fy progeny types, presumably because of differences in
levels of heterozygosity (see DISCUSSION).

TRD among Fy’s allows us to estimate the relative
contribution of haploid and diploid phases to repro-
ductive barriers. Like TRD among DHLs, the relative
frequency of the two homozygous classes among Fy’s
most likely reflects the relative fitness of each parental
allele in the haploid phase. On the other hand, de-
viation of the heterozygote frequency from the Hardy-
Weinberg expectation indicates selection on heterozy-
gotes at the diploid phase. In this study, 12 of 108
codominant RFLP markers (11.11%) showed a signifi-
cant deviation (o = 0.05) of heterozygote frequency
from the neutral Hardy—Weinberg frequency (maxi-
mum percentage deviation of 43.55%). Of those, 9 were
underdominant and 3 were overdominant, indicating
that selection against rather than for heterozygotes is a
more prevalent consequence of hybridization between
divergent populations. The fact that we detected similar
numbers of loci with parental genotype frequency
deviation (16) and heterozygote frequency deviation
(12) among Fy’s suggests that reproductive barriers in
haploid and diploid phases are equally common. This
observation is consistent with a comparative mapping
of TRDLs among three interspecific crosses of rice
(HARUSHIMA et al. 2002), where they found 15-19 game-
tophytic barriers and 17-18 sporophytic barriers.

Viability of spores and sporophytes: For both paren-
tal strains, we observed relatively high spore-germina-
tion rates (Ha-PQ45, 93.2%; ®N8, 82.8%; Figure 3) and
viable sporophyte formation rates (Ha-PQ45, 86.2%;
®N8, 82.0%), indicating that the environmental con-
ditions of our study had little influence on their fitness,
although Ha-PQ45 seems to have slightly higher fitness.
The proportion of Ha-PQ45 gametophytes that formed
viable F; hybrid sporophytes upon fertilization with
®N8 male gametes (81.7%) was comparable with that
of the parents, indicating that there is little, if any,

>

Ficure 2.—TRD along linkage groups for DHLs (left graph of each linkage group) and Fo’s (right graph of each linkage
group). Each data point represents a marker reflecting the percentage of Ha-PQ45 genotypes (circles), ®PN8 genotypes (trian-
gles), and heterozygotes (squares) along the linkage group (xaxis) in centimorgans of genetic distance with significant (solid
symbols) or nonsignificant (open symbols) deviation from the expected segregation ratio (horizontal lines) at the a = 0.05.
For Fy’s, the expected Hardy—Weinberg frequency of heterozygotes deviates from 50% depending on the frequencies of the pa-
rental genotypes. The likelihood that each linkage group hosts at least one TRD locus (TRDL) is indicated in the left graphs.
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FIGURE 2.— Continued.

incompatibility during fertilization. However, the ger-
mination rate of spores from the F; sporophyte was low
(27.3%), typical of intrinsic postzygotic isolation. Ob-
servation of hybrid spores with a microscope revealed

that the reduced hybrid fertility was commonly caused
by spore abortion, evident by collapsed shape instead
of the tetrahedral shape of viable spores. The propor-
tions of F; gametophytes that formed viable DHL



1146 T. Nakazato et al.

®N8 Ho-PQ45
70 —
60 mmmm DHLs (N = 211)
— Fas (N=175)
50 1
F
- 40 - ll
=
=
< 30 4
20 1

10 H H
0 . | il
W A% 5 ,9

N IR
" oY o7 o7 o7 oF o oF o N
s s’
VY QP‘P F Y Y

germination rate

F1GURE 3.—Histogram of spore germination rates for DHLs
(solid) and Fo’s (shaded). Arrows indicate the categories of
the mean spore germination rates for the parents and the F;.

sporophytes and Fy sporophytes were 78.6 and 81.1%,
respectively, again indicating that fertilization contrib-
utes little to reproductive isolation.

The viability of DHL spores was modestly reduced
relative to those of the parental populations, ranging
from 16.1 to 100% with an average of 78.4% (Figure 3).
The distribution was highly skewed toward high values
with the mode of 93.3%, which was equivalent to the
value of the parents. High viability of DHL spores was
expected because these spores are in theory genetically
identical to their respective DHL parents, which had
successfully germinated. The facts that DHL spores were
not always viable and that spore abortion was also ob-
served for these spores indicate that factors other than
spore genotype contribute to DHL fertility, such as the
ability of the sporangium (spore-forming organ) to nur-
ture spores (see DISCUSSION).

Viability of Fy spores exhibited transgressive segrega-
tion, with viabilities ranging from 0 to 100%. Average Fo
spore viability (35.2%) was substantially lower than that
of the parents and DHLs, but higher than the F; (23.7%;
Figure 3), again a pattern commonly observed in plant
hybrids.

QTL for spore viability: A single significant QTL
for spore viability among DHLs was detected on LG4
(Figure 4). The QTL effect was modest with a percent-
age of variance explained (PVE) of 7.35% and was
toward higher viability of spores carrying ®N8 alleles.
No other genomic regions showed association with spore
viability close to the threshold.

Although spore viability QTL acting additively are
rare, we detected several inter-linkage-group QTL com-
binations showing significant (ANOVA, P < 10™*) two-
way epistatic interactions on the trait among DHLs
(Table 1). One of the QTL combinations involved the
additive QTL on LG4 (Figure 4) and itis not clear at this

4.0 ! 7.35%
3.2
24
1.6

0.8

0.0

0 10 19 29 38 48 57 67 76 8 95

0.07 ‘

0.04
0.00

-0.04
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Frcure 4.—Significant QTL for spore germination rate on
LG4. Top: LOD score along the linkage group with the thresh-
old level indicated by the dashed line. The horizontal bar on
top shows the QTL within a 1-LOD margin with percentage of
variance explained (PVE) at the peak position indicated on
top. Triangles on the xaxis indicate the marker locations. Bot-
tom: Additive genetic variance of the ®N8 parental allele on
the trait along the linkage group.

time whether this involves significant epistasis or is
largely a result of additive effects on LG4. However,
other QTL combinations do not involve loci with sig-
nificant additive effects and therefore likely result from
genuine interactions between unlinked genetic ele-
ments. Interestingly, although three QTL combinations
showed negative effects on spore germination rates,
expected from BDM incompatibilities (see DISCUSSION),
the majority of significant QTL interactions resulted
in higher spore viability of heteroallelic DHLs (AAbb,
aaBB) compared to the homoallelic ones (AABB, aabb),
suggesting that hybridization promotes fertility in many
cases.

QTL analysis on spore germination rates among Fy’s
detected no significant QTL, presumably because of low
marker coverage and small sample size. More rigorous
comparison of fertility QTL between Fo’s and DHLs in
future studies will permit comparisons of the reproduc-
tive isolation mechanisms resulting from different mat-
ing types (i.e., intra- vs. inter-gametophytic selfing) and
may reveal reproductive isolation mechanisms unique
to ferns.

DISCUSSION

Mechanisms of reproductive isolation: We detected
strong but incomplete reproductive isolation between
divergent populations of C. richardii, consistent with
the low F; spore viability reported for the same cross
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TABLE 1

QTL pairs with significant epistasis affecting DHL spore germination rates

QTL 1 QTL 2
LG cM position LG cM position P (ANOVA) Direction”
2 7.9 4 0 5.851-05 -
3 46 15 2.8 8.601-05 +
4 34.3 9 74.1 1.95-05 +
5 64.2 10 28.4 5.28-06 +
14 66.6 32 13.5 4.29F-05 -
15 2.8 16 3 8.281-05 +
15 0 32 13.7 9.341-05 +
22 57.7 37 12.7 2.91F05 +
24 53.9 31 13.8 6.79E-05 +
28 32.7 33 24.4 4.61F£05 +
30 4.5 40 1.1 2.04F-06 -

“Higher (+) or lower (—) spore germination rates of heteroallelic DHLs compared to homoallelic ones.
" QTL with significant association with germination rates by itself.

(~30%) in a previous study (HICKOK et al. 1995).
Although multiple developmental stages likely contrib-
ute to reproductive isolation, spore inviability appears to
be the dominant reproductive barrier in Ceratopteris
(Figure 1). High spore viability and sporophyte forma-
tion rates of the parents indicate that extrinsic factors
such as differential fitness of the parental alleles or their
combination under our growing conditions contributed
little to reproductive isolation, although extrinsic factors
may play an important role in nature (ARNOLD and
Hobces 1995). Rather, the low F; spore viability and
segregating Fy spore viability suggest that most of the
observed reproductive barriers were likely due to in-
trinsic factors, namely interactions of the parental
genomes. Although inbreeding depression could con-
tribute to reduced fitness of the later generation hybrids,
complete homozygosity of the parents makes it unlikely
in our experiment.

Two of the potential mechanisms causing intrinsic
reproductive barriers between divergent populations
are BDM incompatibilities and chromosomal rearrange-
ments. The BDM model hypothesizes that intrinsic post-
zygotic isolation can result from incompatible epistatic
interactions of alleles from divergent populations brought
together upon hybridization (reviewed in ORR 1996).
The chromosomal rearrangement hypothesis, on the
other hand, proposes that intrinsic postzygotic isolation
could result from karyotypic differences such as inver-
sions and translocations. This is because crossovers
during meiosis in hybrids heterozygous for the rear-
rangements may generate gametes that lack essential
genetic elements within the rearranged segments.

If reproductive isolation is largely caused by chromo-
somal rearrangements or BDM incompatibility acting at
the haploid phase, fertility should be lowest in F; hybrids
where heterozygosity is highest and the fertility of the
subsequent hybrid generations should never be lower

than the F; generation’s. On the other hand, if fertility
reduction is caused mainly by BDM incompatibility
acting at the diploid phase, lower fertility of Fy hybrids
than F,’s is possible, depending on the fitness of the
hybrid genotypes. Fisuman and WiLLis (2001b) observed
significantly lower Fy than F; fertility and concluded that
reproductive isolation between two populations of
Mimulus was caused at least partly by BDM incompati-
bilities acting at the diploid phase. In our study, mean Fy
spore viability was substantially higher than that of F;’s
supporting both postzygotic isolation by chromosomal
rearrangements and BDM incompatibility at the haploid
phase. However, many Fo’s also had lower fertility than
Fy’s, suggesting that BDM incompatibilities acting at the
diploid phase are partly responsible for the hybrid fer-
tility reduction. Therefore, we failed to detect a domi-
nant mechanism of postzygotic isolation as FISHMAN
and WiLLis (2001b) did, and different intrinsic mech-
anisms are likely responsible for postzygotic isolation
in Ceratopteris.

It is unlikely that the TRD detected in the DHLs is
caused by chromosomal rearrangements because it is
the heterozygous class, rather than parental markers,
that should be under-represented if rearrangements are
involved. However, TRD caused by BDM incompatibil-
ities can be detected in both DHLs and Fy’s. In order for
BDM incompatibilities among nuclear genes to result
in TRD, there must be asymmetric fitness of interact-
ing locus combinations. In the simplest case, a two-locus
interaction involved in the haploid phase, there exist
four haplotypes among F, gametes: AB, Ab, aB, and ab,
derived from the parents (AABB and aabb). Assuming
equally high fitness of the parental haplotypes, higher
fitness of Ab relative to the aB haplotype, for example,
results in TRD. Complete lethality of aB haplotype
results in 66.7% AA genotype (and bb) and 33.3% aa
(and BB) among DHLs. Among Fy’s, the same fitness
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scheme results in 44.4% AA (and bb), 44.4% Aa, and
11.2% aa (and BB). In fact, they are the maximum TRD
effects that can be achieved by nuclear-nuclear BDM
incompatibility, because higher-order interactions and
lower penetrance on lethality result in weaker TRD. The
fact that the majority of the significant TRDs (73.2%) we
observed among DHLs had only moderate effects (40—
60% Ho-PQ45 genotype) suggests that nuclear-nuclear
BDM incompatibility may be a primary mechanism of
TRD. However, some genomic regions showed TRDs
clearly outside of this range, namely LG4 (82.7% Ha-
PQ45 allele), LG5 (74.3%), LG9 (75.1%),LG13 (70.2%),
and LG22 (24.1%) among DHLs and LG4 (60.2%) among
Fy’s, indicating that they were caused by factors other
than nuclear-nuclear BDM incompatibility or possibly
by tightly linked multiple BDM incompeatibility loci.

One potential mechanism that could be responsible
for such strong TRD is cytonuclear BDM incompatibil-
ity, which results from epistasis between nuclear and
cytoplasmic genes. Given the strong interdependency
between genes in these genomes during cellular pro-
cesses (RAND et al. 2004), incompatibility among these
genes has a great potential to result in postzygotic
barriers. Because nuclear and cytoplasmic genomes
have conflicting evolutionary interests, such incompat-
ibility may evolve very rapidly between divergent pop-
ulations (LeviN 2003), as exemplified by cytoplasmic
male sterility. Unlike the conventional nuclear—-nuclear
BDM incompatibility, which has a limit to TRD magni-
tude (see above), cytonuclear BDM incompatibility
can result in up to 100% TRD of parental alleles in a
segregating population when uniparentally inherited
cytoplasmic alleles show deleterious epistasis with seg-
regating nuclear alleles from the other parent. Because
Ceratopteris likely has maternal cytoplasmic inheri-
tance based on a study of closely related cheilanthoid
ferns (GASTONY and YATSKIEVYCH 1992), and Ha-PQ45
was used as a maternal parent of the cross, cytonuclear
BDM incompatibility can resultin complete TRD of Ho-
PQ45, but not ®N8 alleles, if single nuclear factors are
involved. Consistent with this idea, all but one of the
strongest TRDLs among DHLs and Fy’s (LG4, -5, -9, and
-13; see above) showed overrepresentation of Ha-PQ45
alleles, perhaps each involving a single nuclear factor
or a few. Furthermore, the fact that the mean TRD
magnitude for Ha-PQ45 (18.9%) over all markers was
significantly greater than that for ®N8 (16.2%) among
DHLs (see RESULTS) may indicate that cytonuclear BDM
incompatibility is common throughout the genome. In
Mimulus, reciprocal crossings and genetic linkage map-
ping revealed that anther sterility involved in hybrids
with M. guttatus cytoplasm butnotin the reciprocal cross
is caused by cytonuclear BDM incompatibility involving
asingle nuclear QTL (FisaMAN and WiLL1s 2006). Sim-
ilar study is desirable in Ceratopteris in the future to
seek more definitive evidence of cytonuclear BDM and
its roles in speciation.

Our results suggest that intrinsic factors such as BMD
incompatibility and chromosomal rearrangements act-
ing in the gametophytic genomes play a major role in
spore inviability. However, the common occurrence of
spore abortion among DHLs, where no genetic incom-
patibility is expected, suggests that the genetic makeup
of hybrid spores is not the only factor responsible for
intrinsic postzygotic isolation. Instead, the genotype of
spore-bearing sporophytes may also be a significant
contributor; some hybrid genotypes may have problems
nurturing spores within sporangia, resulting in many
aborted spores regardless of the spore haplotypes. It is
generally believed that the tapetal layer in the sporangia
is important in depositing the outer layer (perispore or
perine) on fern spores, and dysfunction of the tapetal
layer cells in the hybrids may have contributed to spore
abortion in this study. In angiosperms, it has been shown
that pollen quality and initial performance of male
gametophytes are highly dependent on the resources
provided by anther tissue (VasiL 1974; MuLcaHY and
Murcany 1982; WETZEL and JENSEN 1992) and a
number of studies have demonstrated that environmen-
tal conditions of parental plants affect pollen quality and
performance (reviewed in DELPH e al. 1997). In other
words, these studies indicate that gametophyte fitness is
at least partly a parental trait.

The potential role of the sporangium genotype on
hybrid fertility is further supported by a puzzling ob-
servation of similar numbers of sporophytic barriers
(12 TRDLs) and gametophytic barriers (16 TRDLs),
despite the high sporophyte viability among the parents
and their hybrids. These cryptic sporophytic barriers
may result from intrinsic reproductive barriers involv-
ing genes that are expressed during spore formation in
sporangium tissues. Alternatively, sporophytic barriers
may result from sexual selection due to preferential
fertilization by sperm carrying one of the parental hap-
lotypes, although competition among free-swimming
fern sperm is probably less intense than pollen com-
petition in flowering plants. Finally, assortative mating
of gametes could lead to a deficiency of heterozy-
gotes, without any selection against the heterozygotes
themselves.

Modes of speciation: The facts that TRDLs are scat-
tered throughout the genome and selection against
both parental genotypes is common in Ceratopteris are
consistent with the view that genetic factors underlying
intrinsic postzygotic isolation accumulate gradually across
diverging parental genomes following geographic sep-
aration (STEBBINS 1950; DoBzHANSKY 1951; MAvr
1963; CoyNE and ORrR 1989). The generality of such a
conclusion is supported by similar distribution patterns
of TRDLs observed in other organisms (e.g., FISHMAN
et al. 2001a; HArRUusHIMA et al. 2001, 2002; HALL and
WiLLis 2005). In addition, HARUSHIMA et al. (2002)
showed that hybridization of different cultivars of rice
generated unique TRDLs, indicating that genetic



Reproductive Barriers in Ceratopteris 1149

factors involved in reproductive barriers have evolved
independently and fairly rapidly.

Although the genetic factors involved in reproductive
barriers are widespread in the Ceratopteris genome,
occurring in most linkage groups, the number of such
factors appears to be small compared to the number of
genetic elements in the entire genome (>10*) that can
potentially be selected. Hence, despite substantial re-
productive isolation between the parental populations
(~80% fertility reduction), it seems likely that much
of the genome could be freely exchanged between the
divergent lineages if they were to come into contact.
Indeed, substantial genomewide gene flow was found
between divergent sunflower species showing nearly
complete reproductive isolation (YATABE et al. 2007).

The most unexpected finding of this study was the
small magnitude of the single QTL underlying spore
viability. Indeed, QTL size (7.35% PVE) was at the
detection limit despite the large size of the QTL popu-
lation. This contrasts with recent studies in Drosophila,
where several genes have recently been cloned that
cause almost complete reproductive isolation (TING et al.
1998; BARBASH et al. 2003; PRESGRAVES 2003; MASLY et al.
2006). Likewise, major QTL for sterility are frequently
detected in flowering plants (MoYLE and GRaHAM 2005;
FisuMmaN and WiLL1s 2006; SWEIGART et al. 2006). The
lack of major QTL for spore viability in ferns might be
due to the use of DHLs for QTL mapping. A possible
biological explanation is that homosporous ferns may be
less subject to sexual selection than heterosporous
flowering plants or animals. In the latter, sexual selec-
tion has been suggested as a possible cause of rapid
evolution of genes causing postzygotic isolation (TING
et al. 1998).

We are grateful to two anonymous reviewers for insightful com-
ments and suggestions and to Troy Wood for fruitful discussions. This
material is based upon work supported by the National Science
Foundation under grant no. 0128926.
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