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Inheritance of mating-system modifier genes
in Eichhornia paniculata (Pontederiaceae)
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The evolutionary breakdown of tristyly to predominant self-fertilization in Eichhornia paniculata
(Pontederiaceae) is associated with the spread and fixation of floral variants of the mid-styled
morph (M) with modified short-level stamens. Reduced stigma-anther separation in the variants
results in a high degree of self-fertilization. To investigate if the genetic basis of mating-system
modification differs among floral variants from different parts of the geographical range of the
species we performed controlled crosses on genotypes from six populations from N.E. Brazil and
Jamaica. Measurements of floral traits in self and F, crosses grown under uniform glasshouse
conditions demonstrated that the gene(s) modifying stamen position in the M morph are largely
recessive, have no apparent phenotypic effects on other floral characters and are only expressed in
the M morph. Crosses between modified genotypes from northern and southern parts of N.E.
Brazil resulted in F, progeny with unmodified flowers, indicating that different recessive genes are
responsible for stamen modification in the two regions. Crosses between modified genotypes from
Jamaica and the two regions of N.E. Brazil indicated a more complex basis for stamen modification
in Jamaica, and confirmed that the genetic basis of selfing differed between the two regions of
Brazil. Our results provide evidence that the evolution of self-fertilization in E. paniculata has
occurred by different genetic pathways. In addition, the data suggest that the sequence of events
commences with the fixation of recessive alleles affecting only filament length, followed by

evolution at modifier loci responsible for larger phenotypic changes to floral architecture.
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Introduction

Mating patterns in plant populations are governed by
complex interactions between floral traits and ecologi-
cal factors affecting pollen dispersal. In self-compatible
species the relative positions of female and male repro-
ductive organs within a flower can have important con-
sequences for levels of self- and cross-fertilization (e.g.
Ennos, 1981; Barrett & Shore, 1987). Theoretical
models of mating-system evolution generally indicate
that the genetic architecture of floral traits influencing

mating patterns will have an important influence on the.

dynamics of mating system change (Fisher, 1941;
Lande & Schemske, 1985; Campbell, 1986; Charles-
worth & Charlesworth, 1990; Holsinger, 1992; Latta
& Ritland, 1993). In these models, workers have
usually investigated the effects of a single modifier
locus on the evolution of the selfing rate. It remains
unclear, however, how common major gene control of
floral traits with significant effects on the mating system
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in self-compatible species may be, primarily because
relatively few studies have investigated the genetic
basis of variation in style and stamen positioning within
wild plant populations.

Most studies that have reported genetic data on
floral traits have revealed complex patterns with quan-
titative inheritance and often significant environmental
effects {Breese, 1959; Moore & Lewis, 1965; Schoen,
1982; Macnair & Cumbes, 1989; Shore & Barrett,
1990; Holtsford & Ellstrand, 1992; Fenster &
Ritland, 1994). However, a few studies have shown
major gene control of floral traits influencing
mating patterns (Rick, 1947, Vasek, 1968; Jain
et al, 1979; Marshall & Abbott, 1982; Brown &
Clegg, 1984) and, in some cases, this has enabled con-
siderable progress to be made in understanding the fac-
tors influencing mating-system evolution {e.g. of
Senecio vulgaris, Ross & Abbott, 1987; Holsinger,
1992, and of Ipomoea purpurea, Clegg & Epperson,
1988).

Perhaps the most well-known examples of the
genetic control of mating-system change in flowering
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plants involve the breakdown of heterostylous breed-
ing systems to predominant self-fertifization via
homostyle formation {Mather, 1950; Ernst, 1955;
Dowrick, 1956; Baker, 1966; Charlesworth & Charles-
worth, 1979; Shore & Barrett, 1985). The origin of
selfing homostylous phenotypes, through recombina-
tion in the supergene that governs the polymorphism,
represents one of the few cases in plants of a quantum
change in the mating system known to be brought
about by a simple genetic change (Baker, 1959; Barrett,
1989).

In tristylous plants, the evolution of seli-fertilization
by homostyle formation appears to involve genetic
mechanisms distinct from those reported in most
distylous groups (Barrett, 1979, 1988, 1992; Charles-
worth, 1979). For example, in the self-compatible,
annual dipioid Eichhornia paniculata (Spreng.) Solms-
Laubach {Pontederiaceae) selfing phenotypes arise
mainly through alteration to the position of short-level
stamens in the mid-styled morph. This modification
results in dramatic increases in the selfing rate of
populations (Glover & Barrett, 1986; Barrett &
Husband, 1990). The most common altered phenotype
observed in nature has a single ‘short-level’ stamen
elongated to the same position as the mid-level stigma.
Although less frequent, plants with two or three
stamens at the mid-level position also occur {Barrett,
1985; Richards & Barrett, 1992}, It seems unlikely that
these various floral modifications result from recombi-
nation at the two diallelic gene loci (S and M) that
govern the inheritance of tristyly (Lewis & Jones,
1992). Rather, the stamen modifications that promote
selfing are more likely to result from effects of modifier
genes non-allelic to the genes at the tristyly loci. To
investigate this problem further we initiated a study of
the genetic basis of floral modifications governing the
mating system of E. paniculata by the use of controlled
crosses and the measurements of floral traits in glass-
house-grown progeny.

Three main issues were addressed in our study.
{1) We were interested in determining whether the
gene(s) modifying the short-level stamen position in the
mid-styled morph of E. paniculata had any observable
morphological effects on other floral traits. (2) We
wanted to investigate the tole of dominance in the
expression of genes responsible for reproductive organ
positioning. (3) Since predominant self-fertilization
appears to have originated independently in different
parts of the range of E. paniculata (Husband & Barrett,
1993), crosses among genotypes exhibiting the selfing
phenotype from six geographically separated popula-
tions were made to determine whether different genes
were involved, in altering stamen position in the mid-
styled morph.

Mtaterials and methods

To investigate the genetic basis of short-level stamen
modification in the mid-styled morph of E. paniculata
(hereafter M modification), we used eight modified
genotypes from six populations from different parts of
the geographical range of the species. The populations
from which genotypes were chosen exhibited different
stages in the breakdown of tristyly, representing tri-
morphic, dimorphic and monomorphic populations
(Table 1. Five genotypes were sampled from four
populations (B2, B3, B10, B58) from the southern
range of the species in N.E. Brazil, two genotypes from
a single population (B46) in the northern part of the
Brazilian rangevand one genotype {J11) was sampled
from a single population from Jamaica {see Fig. 2 in
Barrett et al., 1989 for a distribution map of E. panicu-
lata). In addition, one unmodified mid-styled genotype
{from population B46) was also used 1n crosses with
modified plants. The phenotypes of modified and
unmodified mid-styled plants are illustrated in Fig. 1,
and Table 1 provides information on the source of
populations and details of the representation of floral
morphs within each population. All plants were grown
from open-pollinated seed families and maintained
under heated {25~30°C) glasshouse conditions in 10
cm pots submerged in individual water-filled plastic
containers. All genotypes are designated by a popul-
ation code, plant number and whether the plants are
modified {M'} or unmodified mid-styled plants (M)
Preliminary crosses between modified and unmodi-
fied genotypes of the M morph of E. paniculata indi-
cated that stamen modifications were under recessive
gene control (S. C. H. Barrett, unpublished data). To
confirm this result six modified genotypes from each of

Table 1 Populations of Eichhornia paniculata from which
genotypes used in the crossing programme originated; the
population code and focation (B, N.E. Brazil and J, Jamaica),
and morph composition (T, I, M, trimorphic, dimorphic or
monomorphic for style morph; L, M, S, long-, mid- or short-
styled morph) of each population are given

Morph representation

Code Location L M S
B2 Bom Conselho, Pernambuco T 0.61 025 0.14
B3  Jupi, Pernambuco D 029 071 -—
B10  Arapiraca, Alagoas D 011 08% -—
B46 Quixada, Ceara T 064 027 0.09
B58& Bom Jardin, Pernambuco T 036 042 0.22
J11  Angels, St. Catherine M — L00 —




Fig. 1 Stamen and style positions for unmodified pheno-
types of the {a) long- and (b} mid-styled morphs of Eich-
hornig paniculata and (c) a self-pollinating variant of the
mid-styled morph. Note the elongation of a single short-level
stamen in the self-pollinating variant so that it is adjacent to
the mid-level stigma. This modification results in automatic
self-pollination of the flower. The long- and mid-styled
morphs are from a tristylous population from N.E. Brazil.
The self-pollinating variant is from Jamaica. Fiower size in
Jamaican populations is generally smaller than in popula-
tions from Brazil (see Barrett, 1985).

six populations were reciprocally crossed to an
unmodified genotype of the M morph from population
B46 (B46-1M), and compared to selfed progeny of the
unmodified genotype (totalling seven full-sib families).
The degree of dominance in crosses among genotypes
was measured in terms of A, where h=(F,—~P;)f
(P, —P,) {after Wright, 1968). A value of #=0.5 corre-
sponds to the absence of dominance in the F,, while
values of 0 or 1 correspond to F; progeny resembling
either parent. Departure from midparent values
(h =10.5) were tested using ¢-tests. ‘

To investigate whether the genetic basis of stamen
modification differed among populations, six modified
M genotypes from the six different populations were
crossed reciprocally in all pairwise combinations as
well as selfed, giving a total of 21 full-sib families. In
addition, in two populations (B46 and B48), crosses
were made between modified genotypes to determine if
different loci responsible for stamen modification exist
within populations. Including the selfed pollinations,
these crosses.added four full-sib families to the experi-
ment. In all cfosses involving modified genotypes,
elongated stamens were emasculated before hand
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cross~pollination to prevent the automatic self-polflina-
tion of flowers.

in total, 1414 progeny representing 32 full-sib
families were obtained from the above crosses and
were grown to flowering in a single glasshouse during
the summer of 1989. An attempt was made {0 sample
between 40-80 progeny per family, and a single flower
was measured on each plant. Data were pooled for all
réciprocal crosses since no maternal effects were
observed among the crosses. All flowers were sampled
from the first or second inflorescence produced by
each plant, and the flower used for measurement was
chosen to be as representative of the genotype being
measured as possible. In cases where some intraplant
variation in stamen position was evident (see Seburn et
al., 1990; Barrett & Harder, 1992}, modified flowers
were chosen for measurement so long as this condition
predominated on the inflorescence.

To determine associations among floral characters,
the following traits were measured on each flower in
selected families segregating for filament elongation:
(1) stamen height from the base of the ovary for all six
stamens, (2) free filament length for all six stamens, (3]
point of attachment of free filament to perianth tube
measured from the base of the ovary for all six stamens
(1-2), (4) pistil length from the base of the ovary, (5)
style length, (6) ovary length {4-5), {7) stigma-anther
separation (4-1), (8) corolla width, and (9) nectar guide
length. For a diagram illustrating these traits in the M
morph of E. paniculata and discussion of their
measurement, see Seburn et al. (1990}. Since some of
the genotypes chosen for the study were heterozygous
(M) at the M locus governing the long- versus mid-
styled phenotype, some families contained progeny
that were long-styled. Floral measurements were also
undertaken on these plants,

Our method of determining whether the modifica-
tion of the short-level stamens has a similar or different
genetic basis across the range of E. paniculata was to
examine the frequency of the modified mid-styled
phenotype in F, progeny of crosses between modified
genotypes. Because preliminary evidence demon-
strated that the modified condition is recessive to the
unmodified state, we hypothesized that if the genetic
basis for modification varied within or among popula-
tions then complementary gene action among
recessives would give recovery of wild-type progeny.
Different genetic control of short-level modification
was determined by recovery of F, offspring that
differed significantly from either modified parent and
which resembled the unmodified phenotype. Depar-
ture from the modified mid-styled phenotype in F,
crosses among modified mid-styled plants was deter-
mined by using Scheffé contrasts following one-way
ANOVA.
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Results

Correlations of stamen characters with other floral
traits

Decreased stigma—-anther separation in modified geno-
types is determined by increased filament length and
higher placement of the free filament on the perianth
tube, not through changes in pistil length [Pearson
correlation of stigma-anther separation with filament
length, height of attachment on perianth, style length
and ovary length= —-0.897, P<0001; —0.527,
P<0.001; —0.068, P<0.05, 0.045, not significant,
respectively, and see Fig. 1, and Table 2 (top)]. Fila-
ment characteristics of the modified stamen were
uncorrelated with variation in upper level stamens.
Measurements of perianth width and nectar guide
length among self progeny of genotypes which appear

to be segregating for filament length (B46-1M', B58&-
1M, B38-2M' and B10-1M/, 1 = 96 progeny), revealed
little correlation {none > 0.25) with either of the two
filament characters for both short- and long-level sta-
mens. These patterns were also observed in analyses
including progeny from all crosses.

Modifications of short-level stamens in E. paniculata
are restricted to the M morph. Measurements of fila-
ment length of short-level stamens in L. and M morphs
segregating from self-pollinations of five heterozygous
modified M plants indicated clear differences between
the two floral phenotypes (Table 3). While plants of the
M morph uniformly displayed modified stamens, the
developmentally homologous stamens of the L morph
were exclusively unmodified. The difference in stamen
modification in the two morphs resulted in contrasting
patterns of stigma-anther separation (Table 3).

Table 2 Mean filament position and mean filament iength of modifiable stamens in Eichhornia paniculata; means followed by
different letters are significantly different (P <0.05, Scheffé’s contrasts); S.E.s are in parentheses

{a) Parental genotypes

B46-1M B3g-1M B46-1M' Big-1M' BZ2-1M/ B3-1M J11-1M°
Mean filament 4.4 A 47 AB 56 BC 57C 6.0C 6.3C 65C
position (mm} {0.1) (0.2} {0.1) {0.2) {.1) {0.1) {0.1)
Mean filament 1.0A 38C 288 2.5B 39BC 46C 4.1C
length (mm) (0.1) (0.4} {0.2) (0.4) {0.3) (0.1) (0.1}

(b) F,: Parental genotype % B46-1M

B46-1M B38-1M B46-1M' B1O-1M B2-1M’ B3-1M' ni-1M
Mean filament 44 A 48 A 50B 518 578 53B 548
position (mm) {0.1) 0.1) (0.1) {0.1) (0.1} 0.1) {013
Mean filament 1.0A 1.2A 0.9 A 1.2A 1.3B 1.3B 1.1A
length (mm) (0.04) {0.03) (0.05) (0.03) (0.05) (0.06) {0.04)

Table 3 Comparison of filament length and stigma-anther separatiorn of developmentally homologous short-level stamens in
mid- and long-styled morphs segregating from genotypes of Eichhornia paniculata heterozygous { Mm) at the M locus; two S.E.s

are in parentheses

Mid-styled morph  Long-styled morph

Mid-styled morph
stigma-anther

Long-styled morph
stigma-anther

filament filament separation separation
Parent length (mm) length (mm) t-value {mm) {mm} r-value
B46-1M' 2.8(0.4) 1.2{0.4} 3785%% 0.8(04) 2.1(1.1} 2.599*%
B46-2M' 3.3(0.1) 2.4(04) 5.558% 0.6(0.4) 1.8{04) 2.790%
B58-1M' 3.8(08} 1.8(0.4) 3.150%* 1.2(0.8) 4.5{0.6) 4,51 9%
B38-2M' 4.5(0.5) 2.2{(0.2) 5.366% 0.9(0.6) 4.8{0.6) 7.266%%
B10-1M' _ 2.5(0.6) 1.4(0.1) 2.303% 1.5 (0.6} 4.0(0.6) 4.3g2%%*

*P <005, %P <0.01,***P <0.001.



Variation in the expression of stamen modification

Selfed progeny of M plants displayed several different
patterns of stamen variation. The unmodified genotype
B46-1M produced self progeny with short filament
lengths that exhibited a low coefficient of variation
{Fig. 2, c.v.=12.0). In contrast, self progeny of modi-
fied M genotypes, B46-1M', B58-1M' and B58-2M',
had significantly longer filament lengths and displayed
greater variation, (Fig. 2, cv.=36.8, 47.2 and 27.1,
respectively). Self progeny of genotypes B46-2M', B3-
IM', B2-1M and J11-1M’ also had significantly longer
filament lengths but exhibited a lower c.v. (8.7, 19:2,
12.6 and 13.5, respectively). Finally, the self progeny of
B10-1M’ fell into two discrete and non-overlapping
classes with either short- or long-filament lengths.
Table 4 presents the dominance coefficients for fila-
ment position and filament length for crosses of
modified genotypes with unmodified B46-1M. The
two filament characters exhibited contrasting patterns

15 B46-1M 10
- 12 (N =28) 8
£ ;
g 4
= 4 2

0 0

0123456738 %10
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of inheritance. No dominance was observed for fila-
ment position. The higher F, value for the cross B46-
1M x B58-1M' should not be taken as evidence for
dominance since there was little difference between the
two parents (Table 2a). However, filament length for all

'F, plants differed significantly from the midparent

value, indicating near complete dominance for short
filament length. In two cases the filament lengths of
short-level stamens in F, plants were significantly
different from the equivalent stamens of self progeny of
the unmodified genotype B46-1M (Scheffé’s contrasts,
P<0.05, Table 2b). In the two exceptions the F,
progeny closely resembled their unmodified parent
(Table 2b, Fig. 3).
\

Regional differentiation in genetic basis of stamen
maodification

F, progeny of crosses among the modified genotypes
can be categorized into one of four classes, corre-

B46-1M' " B46-2M'
(N =32) (N = 16)
8
4

0123456738910 0012345678910

5 B58-2M' B58-IM' B3-1M'
(N =21) (N=22)
L4 4 16
(&3
§ 3 3 12
%2 2 8
05 T2 8 8 56 75510 %9 12345678010 2012345678910
B2-1M B10-1M 6 TV
8 (N =37) 6 (N=21) (N =33)
- 12
= 4
2 4 8
Ez 2 4
O T A s e T o0 %6123 45678010 Y01 23456780910

Filament Length (mm)

Filament Length (mm)

Filament Length (mm)

Fig. 2 Phenotypié distributions for filament length of selfed progeny of nine genotypes (one unmodified and eight modified)
from six populations of Eichhornia paniculata in Brazil and Jamaica.



438 C.B.FENSTER & 5. C. H. BARRETT

~ sponding to crosses (1) within populations, (2) among
populations within the same region (southern region of
N. E. Brazil), (3) among popuiations in different regions
(crosses between populations from the northern and

southern portion of the range of E. paniculata in N.E.

Brazil), and {4) between Jamaica and Brazil. Crosses .

among modified genotypes within populations B46

Table 4 Degree of dominance {#) for the attachment
position and length of the modifiable stamen in crosses
between modified genotypes and unmodified B46-1M of
Eichhornia paniculata (h = 0.50, no dominance; 2 = 0.00,
wild type, unmodified mid dominant; /= 1.00, modified mid
dominant)

Cross Filament position  Filament length
B46-1M x B38-1M' 1.33 0.07*
B46-1M x B46-1M' 0.50 —-0.05*
BA6-1M X BIO-IM 0.54 0.13%
B46-1M x B2-1M' 0.68 0.12*
B46-1M % B3-1M' 047 0.08*
BAG-IM xJ11-1M' 048 0.03*

*Significant departure from mid-parent values {P<0.005, ¢
test).

and B58 resulted in progeny which resembled the self
progeny of either parent with respect to filament length
(Table 5). Progeny derived from crossing modified
mid-styled plants from within the southern region also
resembled the self progeny of their parents, ie. vir-
tually all were modified {Table 6, Fig. 4). Crosses
involving the modified M from population B10
resulted in a segregation of modified and unmodified
individuals and, consequently, a bimodal distribution
of filament length (Fig. 4). In contrast to these results,
crosses among modified mid-styled plants between the
two regions of N.E. Brazil resulted in the recovery of
plants with uniformly unmodified filament lengths (Fig.
5 and Table 6, cf. the first column of Table 6 with the
following five columns). '
The most complex distributions of stamen modifica-
tion were obsegved in crosses of the Brazilian modified
M plants with the Jamaican genotype. Four patterns
were evident: (1) recovery of mostly unmodified
phenotypes but with a significantly long right-tailed dis-
tribution of modified individuals {Fig. 6, ] X B46-1M’,
skewness = 1.472, two S.E.s=0.590}, (2) mostly modi-
fied individuals, but with a significantly long left-tailed
distribution of unmodified individuals (Fig. 6, J xB53-
1M’ and JxB3-1M’, skewness= —1.192, —1.640,
two S.E.s=0.700, 0.667, respectively), {3) a symmetri-

20 B46-1M x B46-1M' 40 B46-1M x B58-1M’

.. 16 (N = 44) 10 (N =58)
g 12
% 8 20
i 4 10

0 0 &

0123456728910 0123454678910
B46-1M x J11-1M' 40 B46-1M x B2-M'

L% (N = 63) (N = 58)
% 20 30
F 20
e 10 10

0 0 -

0123 45678291 01 2345678910
B46-1M x B3-1M' 30 B46-1M x B10-1M'
., 30 (N =53) (N =48)
2 20
3 20
g
& 10 10 T
Fig. 3 Phenotypic distributions for
0 - 0 filament length of F, progeny from

912345678910
Filament Length (mm)

9123456728910
Filament Length (mm)

crosses between unmodified B46-1M
and six modified genotypes.
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Table 5 Mean filament length (mm) of modifiable stamens in self and F, progeny
from crosses between modified and unmodified genotypes from within populations
B-46 and B-58 of Eichhornia paniculata; S.E.s are in parentheses

B46-1M' B46-2M' B58-1M' B58-2M’
B4s-1M' 2.8(0.2) 3.2{0.1) B58-1M' 3.8(04) 4.4{0.2)
B46-2M' 3.3(0.1) B38-2M' 4.5{0.3)

Table 6 Mean filament length (mm) of the modified stamens in all pairwise crosses
between selfing variants of Eichhornia paniculata; means foliowed by different
letters in the same row are significantly different (Scheffé's contrasts, P <0.05); one
S.E. in parentheses

T
'

Northern

N.E.

Brazil Southern N.E. Brazil Jamaica
B46-1M' BS8-1M  Bi0-1M'  B2-1M' B3-IM' J11-1M'

B46-1M'  29C 14AB  13AB 1.58  13AB 1.6 B
(0.19) (0.03) (0.06) (007)  {0.04) (0.12}
BSS-1M'  14A 38 BC 348 46C  43BC  42BC
(0.03) (0.38) (0.32) (0.15)  (0.19) (0.17)
B10-1M'  13A 35C 258 34C  30BC  34C
(0.06) (0.32) (0.35) (026)  (0.22) (0.20)

B2-1M' 15 A 46C 35B 3.9BC 5.1C 44C
{0.07) (0.15) (0.26) {0.34) (0.10) {0.08)
B3-1M' 13A 43CD 1.7B 51D 4.6 CD 41C
{0.04) {0.19) {0.22) (0.10) {(0.10} {0.12)
J1i-1M' 1.6 A 42C 34B 44C 41C 41C

(012)  (007) (0200  (0.08) 012)  (0.10)

cal distribution of modified individuals (Fig. 6, J X B2-
1M, skewness = —(.357, two S.Es=0.612), and (4) a
bimodal distribution of both modified and unmodified
individuals involving the cross with population B10
(Fig. 6).

Discussion

The evolution of predominant self-fertilization in E.
paniculata mainly involves the spread and fixation of
self-pollinating variants of the mid-styled morph. The
variants are characterized by modified short-level
stamens, are scattered throughout the Brazilian range
of the species, and also predominate on the island of
Jamaica. The primary objective of our study was to
investigate whether the genetic basis of stamen modifi-
cation in these variants differed among populations
from contrasting parts of the native range. This was
achieved by-crossing genotypes from two different
regions of N.E. Brazil and from Jamaica.

While our inheritance studies only involved the use
of first generation crosses, the results provided clear
evidence that the genetic basis of stamen modification
in the M morph differs between the regions sampled in
Brazil. Crosses among modified genotypes from the
southern portion of the N.E. Brazilian range resulted in
offspring that were largely modified with respect to
stamen position. This phenotype displays a high degree
of autofertility under glasshouse conditions and exhi-
bits a high selfing rate under field conditions (e.g.
Glover & Barrett, 1986; Barrett er ¢/, 1989; Barrett &
Husband, 1990). In contrast, crosses between geno-
types from southern populations and a modified geno-
type from the northern part of the Brazilian range
resulted in unmodified mid-styled plants. To our
knowledge this is the first report of the artificial synthe-
sis of an ‘outcrossing phenotype’ from a cross between
iwo ‘selfing’ phenotypes. This probably occurred
because of complementary gene action involving the
fixation of different recessive modifier genes in the two
regions. However, further F, and backcross genera-
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Fig. 6 Phenotypic distributions for
filament length of F, progeny of Eich-
horniu paniculata from crosses
between the modified Jamaican geno-
type, J11-1M', and modified individ-
uals from Brazil.

tions are required to establish the number of genes
involved in stamen modification and to confirm the
nature of gene action in modified genotypes.

The finding that different genetic factors modify
short-level stamens in the mid-styled morph of E. pani-
culata is consistent with the hypothesis. that self-fertili-
zation may have originated independently in different
parts of the Brazilian range of the species. Population
studies of isozyme variation, the distribution of style
morphs and the morphological characteristics of self-
ing variants by Husband and Barrett (1993) also
support the multiple origin hypothesis. Analyses of
genetic distance and the distribution of rare alleles in
an isozyme survey of 44 populations in N.E. Brazil
indicated that selfing variants may have originated on
at least three separate occasions in association with the
loss of style morphs from populations. Of particular
relevance to the present study was the finding that the
northern population B46 was electrophoretically

012345678910
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distinet from all southern populations containing self-
pollinating variants. The presence of diagnostic alleles
in this population that were shared by nearby tri-
morphic populations, but absent from all southern
populations, was used by Husband and Barrett as
evidence that population B46 was historically distinct
from southern populations with self-pollinating
variants and represented a separate origin for self-
fertilization in the species.

Elsewhere it has been proposed that frequent bottle-
necks and periods of small population size can readily
destabilize the tristylous polymorphism in E. panicu-
lata initiating conditions that favour the spread of self-
pollinating variants (Barrett er al,, 1989). The relatively
minor phenotypic changes required to bring about self-
pollination in E. paniculata, and the possibility that
such changes are under the control of a small number
of recessive genes, may mean that selfing is consider-
ably easier to achieve than in many non-heterostylous
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taxa where floral traits more commonly show quantita-
tive variation. Barrett & Shore (1987} documented
three separate origins for the breakdown of distyly to
homostyly in Turnera ulmifolia at different margins of
the neotropical range of the species. Unlike E. panicu-
lata, however, selfing in this species has arisen by
recombination in the supergene governing the distylous
polymorphism {Shore & Barrett, 1985), rather than by
the action of recessive medifier genes.

Our study focused on self-pollinating variants of the
M morph with modified short-level stamens. This is
because these variants are the most common selfing
phenotype found in natural populations of E. panicu-
lata occurring in many dimorphic and monomorphic
populations of the species (Husband & Barrett, 1993},

" However, the facility to evolve a selfing phenotype is
not restricted to the M morph. A single isolated popu-
tation of E. paniculara composed exclusively of self-
pollinating variants of the L morph has been reported
from Nicaragua (Barrett, 1988). Plants in this popula-
tion have very small flowers and mid-level stamens
adjacent to stigmas of L styles. Crosses between these
phenotypes and unmodified L. and M plants confirm
that they are modified variants of the L morph(S. C. H.
Barrett, unpublished data). Whereas floral modifica-
tions governing selfing in the M morph largely involve
discrete phenotypic changes in stamen length, suggest-
ing a small number of major genes, in the modified L
morph from Nicaragua floral variation is continuous,
indicating that mating-system modification is more
likely to be polygenically controlled. The occurrence of
these different floral variants provides further evidence
for multiple origins of self-fertilization in E. paniculata
and also suggests that different genetic factors are
involved with floral modification.

In our study, plants of the L morph segregating from
controlled pollinations of selfing M variants hetero-
zygous at the M locus {Mm) displayed no floral modif-
ications to their short-level stamens (Table 3). This
indicates that the genes modifying short-level stamens
in the M morph are only expressed when present in the
M phenotype. Field observations from dimorphic
populations composed of L and M plants support this
view. For example, in Jamaica where selfing variants of
the M morph predominate on the island, the less
common L morph exhibits an unmodified phenotype
although in dimorphic populations the two morphs
regularly interbreed. These observations indicate that
the genetic and developmental mechanisms governing
modifications to floral organ position in the L and M
morphs are highly morph-specific. A similar conclusion
was reached by Richards & Barrett {1987) in their
study of the:developmental basis of tristyly in the
related Pontederia cordata. Allometric analysis of the

relative growth of stamens indicated that the develop-
mental processes resulting in the complementary
arrangement of organs in different morphs was specific
to the morph and not to whether stamens were long,
mid or short in position.

We did not observe any correlated changes between
stamen modification in the M morph and other floral
characters including the pistil, perianth and remaining
stamens of both the short and long-level anther levels,
This finding is consistent with a multivariate study of
floral variation in self-pollinating variants of the M
morph by Seburn er al. (1990). These authors also
found no correlated changes in floral traits associated
with short-level stamen modification. These observa-
tions suggest a high degree of specificity of gene action
affecting organ development and do not provide strong
support for the suggestion that major shifts in plant
morphology are inevitably associated with negative
pleiotropic consequences to fitness (see Coyne &
Lande, 1985; but see also Gottlieb, 1984, and Orr &
Coyne, 1992). Presumably, the absence of correlated
effects associated with stamen modification reflects the
fact that filament elongation of the modified stamen
occurs late in development, only being manifest within
24 h prior to anthesis (see Fig. 41 in Richards &
Barrett, 1992). However, it should be noted that the
assessment of the direct and indirect fitness effects of
novel floral morphologies, particularly in animal-polli-
nated plants, should be guantified under field condi-
tions.

Since there are no apparent changes to floral
morphology associated with stamen elongation in the
M morph it seems unlikely that when the variant
phenotype initially arises in populations it would be
discriminated against by pollinators. However, modi-
fied stamens are likely to have profound effects on the
mating system of populations. Since long-level anthers
are unaffected by short-level stamen elongation in the
M morph, their ability to transfer pollen to stigmas of
long-styled plants is unlikely to be compromised.
Hence, in dimorphic populations pollen discounting
{Holsinger et al., 1984); or the reduction in male ferti-
lity associated with selfing {Fisher, 1941), is probably
not associated with filament length elongation in the M
morph. Indeed, experimental studies using genetic
markers and the manipulation of population morph
structure in E. paniculata indicate that in the absence
of the S morph, self-pollinating M variants experience a
male transmission advantage over unmodified M plants
as a result of their higher outcross pollen success
(Kohn & Barrett, 1994). This appears to arise because
the close proximity of mid-level stigmas and elongated
short-level anthers improve pollen export to both
modified and unmodified M plants, since pollen is



placed on a location of the pollinator which increases
its transfer efficiency. The influence of changes in anther
position on pollen transfer efficiency and male repro-
ductive success in animal-poliinated plants is discussed
more fully by Campbell (1989) and Harder and Barrett
(1993).

The uniform expression of dominance in the
unmodified M plants over elongation of filament length
in self-pollinating variants indicates that the evolution
of self-fertilization in E. paniculata results, in part,
from the selective fixation of recessive alleles modi-
fying filament length. The introduction of a selectively
advantageous recessive allele into a large population
has been shown to have a high probability of extinction
(i.e. ‘Haldane’s Sieve’, Haldane, 1924, 1927, Turner,
1981). However, the increased selfing associated with
filament length elongation enhances the probability of
the spread and fixation of favourable recessive alleles,
since loci which increase selfing will favour recovery of
homozygotes for the recessive alleles (Charlesworth,
1992). This process is likely to be further augmented in
E. paniculata because of the species’ colonizing life-
history. Periodic population bottlenecks and small
effective population sizes give rise to Dbiparental
inbreeding in many populations (Barrett & Husband,
1990; Husband & Barrett, 1992). This provides
further opportunities for the exposure and selection of
favourable recessive alleles made homozygous through
inbreeding.

Spread of the recessive modifier genes in popula-
tions of E. paniculata could potentially generate
inbreeding depression due to increased rates of self-
fertilization. Two factors, however, may help to
counteract the reduced vigour of progeny following
selfing and hence promote the spread of genes modi-
fying rates of self-fertilization. First, modifier genes
which increase the selfing rate are likely to be favoured
during periods of low density or following episodes of
colonization because they result in reproductive
assurance {Baker, 1955). Second, experimental studies
of E. paniculata populations containing modified
variants indicate that inbreeding depression is either
very weak or absent {Toppings, 1989; Barrett and
Charlesworth, 1991}. Population bottlenecks in this
annual colonizing species of ephemeral aquatic
habitats may purge populations of sufficient amounts
of genetic load to favour the spread of recessive
modifiers that increase selfing rates (Lande &
Schemske, 1985; Barrett et al., 1989). The alternative
possibility that a reduction in genetic load may have
followed the spread of the modifier genes cannot, how-
ever, be ruled out.

Although our data must be considered preliminary,
genetic modifications to filament length in the M

GENETICS OF FLORAL TRAITS 443

morph follow a complex pattern of inheritance
depending on the populations being crossed. Unmodi-
fied M progeny were recovered upon selfing modified
M parents from populations B10, B46 and BSS,
despite clear evidence for the recessive nature of
stamen modification in all population crosses, It has
been previously observed that crosses between modi-
fied M planis from Jamaica with unmodified M
individuals from Brazil resulted in the recovery of both
parental types in the F, generation, yet F, individuals
do not breed completely true when selfed (S. C. H.
Barrett, unpublished data). These observations suggest
that stamen modification in the M morph involves
several recessive genes but that genetic background
effects govern their expression, particularly in inter-
population crosses. For example, when J11-1M’ was
crossed to the northern Brazilian genotype B46-1M,
mostly unmodified individuals were recovered but with
a long right tail of modified individuals (Fig. 6). In
contrast, a long left tail of unmodified individuals was
observed in crosses between J11-1M' and modified
individuals from the southern populations B58 and B3.
The cross between J11-1M' and B3-1M' was parti-
cularly informative since B3-1M' bred true when
selfed. These skewed distributions suggest that genes
affecting filament length elongation are expressed
differently depending on the particular genetic back-
ground they are in. In addition, the contrasting distrib-
utions obtained for northern and southern populations
from N.E. Brazil, when crossed to the Jamaican geno-
type, are consistent with the interpretation that differ-
ent recessive modifiers are responsible for stamen
modification in the two regions.

The role of modifiers and background effects in the
expression of traits has often been documented in asso-
ciation with dominance, e.g the genetic basis of the
mimicry complex in the African swallow tail butterfly
Papilio dardanus {Clarke & Sheppard, 1960; Clarke et
al, 1968) or of flower colour variants in Gossypium
hirsutum and G. barbadense (Harland, 1936). In these
instances discrete phenotypes often break down into a
series of continuous character states when crosses are
made between races or species fixed for different
modifier alleles. Stamen modification in the M morph
of E. paniculata may have an analogous genetic basis in
that consistent expression of loci responsible for fila-
ment length elongation is influenced by genetic back-
ground. The presence of genetic background effects, or
epistasis (sensu Wright, 1931), has been inferred by the
loss of a response to selection when crossing selected
lines. In natural populations multiple peak epistasis has
been demonstrated in crosses between different popu-
lations of the blind cave fish Anuptichthys antrobius
resulting in F, progeny with larger retina size (Wilkens,
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1971} and by the breakdown of pesticide resistance
(King, 1955; McKenzie ¢t al., 1982). Other examples
are reviewed in Cohan (1984).

The evolutionary breakdown of tristyly in E. panicu-
lata is initiated by the spread of recessive modifier
allele(s) causing elongation of a single short-level
stamen in the M morph. Our data indicate that the
gene(s) have little influence on other aspects of florai
morphology. Further accumulation of modifier loci,
however, gives rise to small-flowered highly selfing
populations which undoubtediy differ from outcrossing
~ populations at a large number of loci. Reduction of
flower size, loss of nectar guides and the elongation of
all three lower-level anthers in certain highly auto-
gamous populations from Jamaica suggest that at least
some of the populations in this region have experi-
enced a longer period of selection for predominant
self-fertilization. The importance of these evolutionary
changes to floral morphology are that major shifts in
the mating system are apparently precipitated by rela-
tively minor alterations to the position of a single
stamen.
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