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The inheritance of tristyly in Decodon
verticillatus (Lythraceae)
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The inheritance of tristyly is generally thought to be governed by two diallelic loci, S and M, with
complete dominance and epistasis between the loci. Significant departures from the two-locus
model have, however, been recently reported in species of Oxalis. This study presents a genetic
analysis of tristyly in the eastern North American monotypic perennial Decodon verticillatus (L.)
ElL (Lythraceae). Crosses conducted on plants from six natural populations in Ontario resulted in
patterns of segregation consistent with the two-locus model. The L morph is homozygous at both
loci (ssmm). Crosses among F, progeny identified two F; individuals of the M morph homozygous
for the dominant allele at the M locus (ssMM) and an F, individual of the S morph homozygous for
the dominant allele at the S locus (SSmm). Crosses between these genotypes demonstrated epistasis
of the S locus over the M locus and produced putative double heterozygotes (Sm/sM ). Five of these
F, genotypes were both self-fertilized and crossed as pollen donors to individuals of the L morph.
Segregation in F; and backcrossed progenies confirmed the two-locus model and provided no
evidence for linkage between the loci. The results support the model of inheritance established for
distantly related Lythrum salicaria, suggesting that the genetic control of tristyly may be uniform

throughout the Lythraceae.
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Introduction

The inheritance of tristyly is generally thought to be
governed by two diallelic loci, S and M, with complete
dominance and epistasis between the loci (Lewis &
Jones, 1992). A dominant allele at the S locus results in
expression of the short-styled morph (hereafter S
morph), whereas dominant alleles at the M locus and
recessive alleles at the S locus (ssMm or ssMM) give
rise to plants of the mid-styled morph (M morph).
Recessive alleles at both loci (ssmm) lead to expression
of the long-styled morph (L morph). Variation on this
basic two-locus model can involve polysomic inheri-
tance (Fisher, 1941; Fisher & Mather, 1943; Weller,
1976), linkage between the loci (Fyfe, 1950) and rever-
sal of the epistatic relationships between the S and M
loci (Fyfe, 1956).

Since the model was first proposed for Lythrum sali-
caria (Lythraceae) by von Ubisch (1926) and later sub-
stantiated by Fisher & Mather (1943), it has been used
to explain patterns of inheritance in several tristylous
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species — including members of the other two widely
recognized tristylous families, the Oxalidaceae and
Pontederiaceae (Fyfe, 1956; Mulcahy, 1964; Sved,
1965; Ornduff, 1972; Weller, 1976; Barrett et al., 1989
and unpublished data). Recently, however, studies on
Oxalis species have revealed a more complex genetic
system involving a possible third locus, and have con-
firmed earlier reports of variation in the dominance
relationships of alleles at the $ and M loci (Leach,
1983; Bennett et al., 1986). The existence of alterna-
tive modes of inheritance in closely related groups may
have implications for the evolution and maintenance of
tristyly (Charlesworth, 1979; Olmstead, 1990; Barrett,
1992). However, the paucity of genetic data from
groups besides Oxalis limits our ability to assess
whether such variation occurs in other families.

In this study we present a genetic analysis of the
inheritance of tristyly in Decodon verticillatus (L.) ElL,,
an herbaceous, clonal perennial common in wetland
habitats throughout eastern North America. The
species is the sole member of its genus in the family
Lythraceae, possesses a diploid chromosome number
(2n=16; Tobe et al., 1986) and, unlike most tristylous
species, exhibits a high degree of self- and intramorph-
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compatibility. A controlled crossing programme was
undertaken to determine: (i) the number of loci con-
trolling the expression of tristyly; (ii) the dominance
relationships among style morph alleles; (iii) whether
the loci governing tristyly interact epistatically; and (iv)
whether the loci are linked.

Materials and methods

This study involved three sets of controlled crosses.
The first set involved parental stock consisting of 59
plants collected as open-pollinated seed or cuttings
from six populations in Ontario, Canada (Table 1).
Crosses among F, progeny obtained from these plants
(Table 2) identified putative F, homozygotes for each
of the style morph loci. Crosses involving these indi-
viduals clearly established the dominance relationships
among morphs and also produced F, progeny hetero-
zygous at both loci (Table 3). In the final set of crosses,
five of these F, progeny were self-fertilized and crossed
as pollen parents to individuals of the L morph (Table
4).

All crosses were performed in a pollinator-free
glasshouse using fine forceps. Flowers were individu-
ally tagged and fruits were collected at maturity and
stored at 5°C for three months before germination.
Growth conditions are described by Eckert (1993).
Because D. verticillatus is a long-lived perennial, only
35-50 per cent of all progeny reached flowering within
the duration of the study. However, this is unlikely to

have biased segregation ratios since independent glass-
house studies have provided no evidence for differ-
ences among morphs in viability or time to flowering.

Statistical analysis of segregation ratios followed the
methods of Mather (1963). Hierarchical x? analysis
was used to assess deviations from expected values as
well as heterogeneity among families and reciprocal
crosses. Segregation in F; and backcross (to L)
progenies was assessed using two orthogonal x? tests.
Under a two-locus model of inheritance, only one class
of recombinant progeny (sm/sm) will be observed in
progenies derived from either selfing or backcrossing
double heterozygotes (Sm/sM), since the other class
(SM/sm) is masked by epistasis of the S locus over the
M locus. The frequency of the L morph (sm/sm) in the
F; and backcrosses will depend on both the segregation
of the dominant § allele and the segregation of the M
versus m alleles. Only the latter is affected by linkage.
Total deviation from expected values was, therefore,
subdivided into two orthogonal components: one
involving segregation at the S locus and the other
involving segregation at the M locus.

Results

All offspring from self and intramorph crosses of the L
morph were L, except for one M plant presumed to be
a contaminant (Table 2). In contrast, similar crosses
involving the M and S morphs produced segregating
progenies, suggesting recessive control of the L morph.

Table 1 Sources of parental plants used in controlled crosses investigating the

inheritance of tristyly in Decodon verticillatus

Number of crosses
Number of in which parents were

Morphs genotypes

Population = Code present used Female Male
A ON-Mé6* S 4 8 15
B. ON-D5 LM 6 32 14
C. ON-M4 M 3 2 6
D. EO-T6 LMS 23 32 38
E. EO-D1 LS 21 60 60
F. ON-T7 LMS 2 3 3

Each population, denoted by a single letter, is cross-referenced by a code denoting
area of origin (ON = central Ontario, EO = eastern Ontario) and morph structure
(T, D and M = trimorphic, dimorphic and monomorphic, respectively). The style
morphs present in the population (L, M and S = long-, mid- and short-styled,
respectively) and the number of genotypes used (randomly sampled either as
cuttings or open-pollinated seed) are presented along with the number of crosses in
which genotypes from a given population acted as female and male parents.
*Electrophoretic studies have indicated that this population consists of a single

clonal genotype (Eckert & Barrett, 1993).



Excluding the one non-segregating family (E-S34 self),
progeny ratios in selfed families from plants of the S
morph showed no significant deviation from the 1:3
ratio expected for the segregation of a single dominant

factor (L, 19.6 per cent; S, 80.4 per cent, n=>56).

Segregation ratios involving M parents generally con-
formed to the 1:3 ratio but showed a marginally signifi-
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cant (P=0.056) excess in offspring of the L morph (L,
33 per cent; M, 67 per cent, n=106) with"no signifi-
cant heterogeneity between selfs and crosses. Crosses
between the L and M morphs produced 1:1 progeny
ratios (L, 50.7 per cent; M, 49.3 per cent, n=302),
with no significant heterogeneity among families or
reciprocal crosses. With the exception of a single

Table 2 Segregaiion of style morphs in crosses among parental plants from natural
populations of Decodon verticillatus

Parent Proportion
: No. of

Cross Type Female Male L M S progeny

LxL Self B-L1 self 100 000 000 35
B-L3 self (F45) 1.00 0.00 0.00 14
B-L6 self (F49) 098 0.02* 000 55
B-L9 self 1.00 000 000 47
B-L13 self 1.00 000 000 38
Misc. (29) 1.00 0.00 000 51

Cross Misc. (2) 1.00 0.00 0.00 2

TOTAL 0996 0.004 0.00 242

MxM Seff D-M40 self (F25) 0.30 070 0.00 56
Misc. (9) 038 062 000 26

Cross ' D-M40 D-M2(F72) 0.39 061 0.00 18

D-M2 D-M40 0.17 083 0.00 6
TOTAL 033 067 000 106

Deviation from 1L :3M — y2=3.635,d.f =1, P=0.056

Heterogeneity between self and cross — x?=0.005, df =1, P=0.944

SXS Self E-S34 self 0.00 000 1.00 13
E-§32 self (F38) 0.15 0.00 0385 21
Misc. (15) 022 000 078 35
TOTAL?Y 020 000 080 56

Deviation from 1L :3S — y2=0.857,df =1, P=0.354

LxM Cross B-L1 D-M2 046 0,54 0.00 13
B-L1 D-M40 052 048 000 56
B-L3 C-M23 067 0.33 0.00 12
B-L6 D-M40(F54) 0.51 049 000 98
B-L9 D-M40 0.60 040 0.00 10
D-L49 D-M2 037 063 000 30
Misc. (8) 045 055 000 31
TOTAL . 050 050 0.00 250

MxL Cross D-M40 D-L37 0.57 043 000 49
Misc. (2) 0.33 067 0.00 3
TOTAL 056 044 000 52
GRAND TOTAL 051 049 000 302

Deviation from 1L : 1M — ¥2=0.050,d.f =1, P=0.823

Heterogeneity between reciprocals — y2=0.640, d.f =1, P=0424

Heterogeneity among families within reciprocals — y*=4.360, d.f.=6, P=0.628
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Table 2 Continued

Parent Proportion
; No. of
Cross Type Female Male L M S progeny
LxS Cross B-L3 A-S3 050 0.00 050 10
B-L6 A-S7 042 0.00 0.58 12
B-L6 A-S4 036 000 0.64 11
B-L13 A-S3 0.39 000 0.61 18
Misc. (17)t 043 0.02* 0.55 54
TOTAL 042 001 0.57 105
SXL Cross Misc.(16)} 0.51 0.00 049 57
GRAND TOTAL 0451 0.006 0.543 162

Deviation from 1L :1S — x2=1.397,d.f.=1, P=0.237

Heterogeneity between reciprocals — y>=1.084, df. =1, P=0.298
Heterogeneity among families within reciprocals — x?=0.504, d.f. =4, P=0.950

Crosses resulting in families of at least 10 progeny are shown individually; the rest
are pooled as miscellaneous, with the number of crosses pooled shown in
parentheses. Segregation was observed in 83 per cent of these small families

(range = 75-89 per cent for any given cross type), and the offspring from non-
segregating miscellaneous (misc.) families make up only 3 per cent of the total
offspring (range = 1-7 per cent for any given cross type). Families that provided
parental material for second generation crosses are identified in parentheses after
the paternal parent (e.g. ‘F45’). Segregations marked with an asterisk are assumed to
be contaminants, since any other explanation for their infrequent occurrence is

inconsistent with the other observed segregations.

tSince the selfed family from E-S34 and other crosses in which it was involved (not
shown) did not segregate, data involving this genotype are excluded from the total.
$Nine of the misc. L X S crosses and seven of the misc. S X L crosses involved S
parents from population A, which consists of a single clonal genotype that
segregates at the S but not the M locus (see Table 1). The remainder of these misc.
crosses involve S parents from population E, which lacks the M morph.

offspring of the M morph, presumed to be a contami-
nant, crosses between the L and S morphs also pro-
duced equal proportions of L (45.3 per cent) and S
(54.7 per cent) offspring, with no heterogeneity among
families or reciprocal crosses.

Crosses among F, progeny identified two individuals
(F;72-M91 and F,25-M48) which appeared to be
homozygous for the dominant allele at the M locus
(putative ssMM). In both cases, crosses between these
genotypes and individuals of the L morph produced all
M progeny (n = 103; Table 3). In addition, self-fertiliza-
- tion and crosses with individuals heterozygous at the M
locus produced all M progeny (n = 136). Segregation in
F, progenies also identified an individual of the S
morph (F,38-547) which appeared to be homozygous
for the dominant allele at the S locus. All crosses
involving this individual, including crosses with F,25-
M48, produced only S offspring (n=173).

If tristyly in D. verticillatus is controlled by two loci
(S and M), with S epistatic to M, then F, progeny from
crosses between F,38-S47 and F;25-M48 should be
heterozygous (in repulsion) at both loci (i.e. Sm/sM).
F,38-S47 was considered unlikely to have carried a
dominant allele at the M locus, since it was produced
by self-fertilizing a plant of the S morph (E-S32 in
Table 2) originating from a population lacking the M
morph (Table 1). In addition, there were no individuals
of the M morph among the 21 offspring from this
selfed family. Accordingly, crosses involving offspring
from families F,112 (F,38-S47 xF,25-M48) and
F,115 (the reciprocal) were used to investigate the
number of loci controlling tristyly and to detect linkage
between the loci. Segregation ratios observed for 494
selfed F; and 334 backcrossed offspring showed no
major deviation from expectations under the two-locus
model, and provided no evidence of linkage between
the loci (Table 4).
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Table 3 Segregation of style morphs in Decodon verticillatus; crosses involved
three F, genotypes (shown in bold face) suspected of being homozygous at dne of

the style morph loci
Parent Proportion

No. of
Female Male L M S progeny
1. Crosses involving F,72-M91 (putative sM/sM)
F,72-M91 self 0.00 1.00 0.00 5
F,45-L49 F,72-M91 0.00 1.00 0.00 25
F49-L88 F,72-M91 0.00 1.00 0.00 12
F,72-M91 F,49-1L.88 0.00 1.00 0.00 17
F,54-M11* F,72-M91 0.00 1.00 0.00 21
F,72-M91 F,54-M11 0.00 1.00 0.00 26
2. Crosses involving F,25-M48 (putative sM/sM)
F,25-M48 self 0.00 1.00 0.00 74
F,49-88L F,25-M48 0.00 1.00 0.00 49
F,25-M48 F,54-M210 0.00 1.00 0.00 10
F,25-M48 F,72-M91 0.00 1.00 0.00 18
3. Crosses involving F,38-S47 (putative Sm/Sm)
F,38-S47 self 0.00 0.00 1.00 2
F,38-S47 F,45-L49 0.00 0.00 1.00 15
F;38-S47 F,49-1.88 0.00 0.00 1.00 23
Midst F,38-S47 0.00 0.00 100 8
F,38-S47 Midst 0.00 0.00 1.00 16
F,38-S47 F,25-M48 (F112) 0.00 0.00 1.00 35
F,25-M48 F,38-S47 (F115) 0.00 0.00 1.00 74

*F,54-M11 segregated L progeny upon being selfed and crossed onto an L parent.
+These data are from crosses using M plants that segregated L progeny in other

Crosses.

In selfed F; progenies, morph frequencies were very
close to those expected for two unlinked loci (expected:
L, 6.3 per cent; M, 18.7 per cent; S, 75.0 per cent —
observed: L, 6.3 per cent; M, 16.4 per cent; S, 77.3 per
cent). There was no significant deviation from ratios
expected for either the S or M locus, and no significant
heterogeneity among families. Segregation in back-
crossed progenies generally fits the expected ratios
(expected: L, 25 per cent; M, 25 per cent; S, 50 per
cent — observed: L, 26.9 per cent; M, 19.2 per cent; S,
53.9 per cent), with no heterogeneity among families.
There was a marginally significant (P=0.044) excess of
the L morph and corresponding deficiency of the M
morph. This particular anomaly was not detected in
previous crosses onto the L morph (Table 2). Power
analysis indicated that sample sizes for the F; and back-
cross progenies were sufficient to detect even a low
degree of linkage (i.e. r=0.48).

Discussion

Segregation of style morphs in progenies from con-
trolled crosses in D. verricillatus indicated that tristyly
is governed by two unlinked diallelic loci (S and M),
with S epistatic to M. Segregation ratios in progenies
from crosses involving plants from natural populations
were in accord with the segregation of a single domi-
nant factor at each locus. Crosses involving individuals
made homozygous at the style morph loci clearly con-
firmed the dominance relationships among alleles, and
indicated epistasis of the § locus over the M locus.
Segregation of all three morphs from crosses involving
putative double heterozygotes further demonstrated
that inheritance was governed by two loci, with the
locus controlling the expression of the S morph epi-
static to a second locus controlling the expression of
the M morph. The frequency of L offspring in F; and
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Table 4 Segregation of style morphs in Decodon
verticillatus, crosses involved five individuals suspected of
being heterozygous at both loci (Sm/sM)

Parent Proportion

No.of -
Female Male L M S progeny
Self-pollinations:
F,112-S68  self 006 011 083 47
F;112-8164  self 006 016 079 90
F;115-S306  self 005 015 080 98
F,115-8317  self 006 021 073 144
F,115-8340  self 008 0.15 077 115
TOTAL 006 0.17 0.77 494

Deviation from 3S:1non-S — y?=1.43,df. =1, P=0.232
Heterogeneity among families — y>=2.68,d.f. =4, P=0.613

Deviation from 3M:1L — x2=0.39,df.=1, P=0.533
Heterogeneity among families — y2=1.32,d.f. =4, P=0.857

Backcrosses to the L morph:

E-L60.1 F,112-868 0.11 022 0.67 27
E-L51.1 F,112-S8164 0.24 020 0.56 84
D-L36.14 F,115-8306 0.32 0.17 051 66
D-L12.5 F,115-8317 026 0.15 059 53
D-L18.2 F,115-S346 0.31 021 048 104

TOTAL 027 0.19 0.54 334

Deviation from 1S:1non-S — ¥2=2.02,d.f.=1, P=0.155
Heterogeneity among families — y2=3.91,df. =4, P=0.418

Deviation from 1M:1L — y2=4.05,df.= 1, P=0.044
Heterogeneity among families — y2=3.14,df.=4, P=0.534

Each individual was self-pollinated and backcrossed as a
male parent to a plant of the L morph. Individuals are
identified by F, family (e.g. ‘F,112’; see Table 3) or
population of origin (Table 1), followed by morph (L, M, S)
and an identification number.

backcross progenies from plants heterozygous at both
loci provided no evidence of linkage between loci. The
results support the model of inheritance established for
Lythrum salicaria by Fisher & Mather (1943), except
that in L. salicaria inheritance is tetrasomic. Phylo-
genetic analysis of the Lythraceae (Graham, S. A,
Crisci, J. V. and Hoch, P. C., unpub. obs.) suggests that
Lythrum and Decodon are rather distantly related
genera within the family. This raises the possibility that
in contrast to the Oxalidaceae, the genetic control of
tristyly may be uniform among the genera (Decodon,
Lythrum, Nesaea) that display the polymorphism in the
Lythraceae.

The general accord between observed patterns of
segregation and expected Mendelian ratios seen in this
study is in contrast with results from several other
heterostylous taxa in which self- and intramorph-
crosses involving the S morph yielded fewer S offspring
than expected (e.g. Weller & Ornduff, 1977; Shore &
Barrett, 1985; Barrett er al., 1989). Explanations
offered to account for this deviation usually invoke
deleterious effects of homozygosity for the dominant S
allele or closely linked recessives (Mather & De
Winton, 1941; Schou & Phillipp, 1983; see also East,
1927). Linkage between the S locus and deleterious
recessives may be expected to develop since hetero-
zygosity at the S locus promoted by disassortative
mating would shelter nearby mutations from selection
(but see Strobeck, 1980). Mather & De Winton (1941)
argued that the development of such linkage has been
an important driving force in the evolution of hetero-
morphic incompatibility. In D. verticillatus, however,
segregation ratios in self-pollinated S morph families
did not show any indication of reduced viability of SS
genotypes. Furthermore, fully viable SS genotypes were
identified in F, progenies. Deleterious effects of homo-
zygosity at the S locus may not occur in D. verticillatus
because of this species’ mating system. Marker gene
studies indicate that most populations display signifi-
cant levels of self-fertilization (30 per cent) and low
levels of disassortative mating (Eckert, 1993). Accord-
ingly, SS genotypes are likely to be regularly produced
in populations, causing closely linked recessive alleles
to be exposed to selection.

In contrast to the patterns of inheritance found in
the Oxalidaceae (Weller, 1976) and Pontederiaceae
(Barrett, S. C. H., unpub. obs.) where the style morph
loci appear to be tightly linked, data from D. verricil-
latus and L. salicaria indicate that the S and M loci are
unlinked. Tight linkage observed in other tristylous
taxa has been viewed as evidence that the M locus may
have originated from the S locus via gene duplication
and subsequent divergence (Crowe, 1964; Sved, 1965;
Richards, 1986; Olmstead, 1990). Gene duplication
seems less likely as a mechanism to account for the.
origin of tristyly in the Lythraceae given that the style
morph loci may occur on different chromosomes, or
are at least far apart on the same chromosome.
Although it is possible to construct molecular
scenarios involving gene duplication for the origin of
the M locus in the Lythraceae, genetic data from D.
verticillatus and L. salicaria indicate that some other
mechanism is more likely to be responsible.

The inheritance of heterostyly involves simple
Mendelian segregation of a suite of floral and physio-
logical characters. The segregating factors are generally
thought to represent sets of loci, tightly linked in a



supergene. In distylous taxa, evidence of supergene
control has been provided by phenotypes which
possess atypical combinations of heterostylous traits
that appear to have arisen by crossing-over in the
supergene (Ernst, 1955; Dowrick, 1956; Baker, 1966;
Shore & Barrett, 1985; Lewis & Jones, 1992). The best
known examples are the self-fertilizing, homostylous
variants in Primula vulgaris (Crosby, 1949).

The possibility of supergene control in tristylous
species has, however, been controversial {Charles-
worth, 1979; Ganders, 1979; Barrett, 1992; Lewis &
Jones, 1992), largely because possible recombinants
have not been clearly identified and analysed genetic-
ally. With three different organ levels controlled by two
diallelic epistatic loci, it is more difficult to predict the
phenotypes of putative recombinants. For example,
rare semi-homostylous variants occur in tristylous
Lythrum salicaria (Stout, 1925; Esser, 1953); however,
the stigma and upper whorl of anthers are positioned
mid-way between the usual mid- and long-level
anthers. This morphological rearrangement would be
unexpected from simple recombination within a tristyly
supergene. Semi-homostyles have also been observed
in several other taxa, including D. verticillatus (Eckert,
1993), and also in Oxalis species (Ornduff, 1972);
Eichhomnia crassipes (Barrett, 1979); and E. paniculata
(Seburn et al., 1990). However, floral variants in these
taxa often exhibit considerable quantitative variation in
stamen and style length, suggesting that the genes
modifying organ positions are non-allelic to the hetero-
styly genes. Tristyly is associated with self-compatibility
and weakly developed pollen heteromorphism in most
of these taxa. Hence, identification of floral variants as
recombinants is further complicated by the absence of
opportunities for concomitant changes in incom-
patibility reactions and pollen size as occurs in Primula
(Richards, 1986). Because of these difficulties, the
occurrence of supergenes in tristylous species remains
an open question. Application of molecular techniques
may prove useful in making further progress towards
understanding the evolution of the S and M loci in
tristylous plants.
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