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Abstract
The transition from outcrossing to selfing through the breakdown of distyly to homostyly has occurred repeatedly among
families of flowering plants. Homostyles can originate by major gene changes at the S-locus linkage group, or by unlinked
polygenic modifiers. Here, we investigate the inheritance of distyly and homostyly in Primula oreodoxa, a subalpine herb
endemic to Sichuan, China. Controlled self- and cross-pollinations confirmed that P. oreodoxa unlike most heterostylous
species is fully self-compatible. Segregation patterns indicated that the inheritance of distyly is governed by a single
Mendelian locus with the short-styled morph carrying at least one dominant S-allele (S-) and long-styled plants homozygous
recessive (ss). Crossing data were consistent with a model in which homostyly results from genetic changes at the distylous
linkage group, with the homostylous allele (Sh) dominant to the long-styled allele (s), but recessive to the short-styled allele
(S). Progeny tests of open-pollinated seed families revealed high rates of intermorph mating in the L-morph but considerable
selfing and possibly intramorph mating in the S-morph and in homostyles. S-morph plants homozygous at the S-locus (SS)
occurred in several populations but may experience viability selection. The crossing data from distylous and homostylous
plants are consistent with either recombination at the S-locus governing distyly, or mutation at gene(s) controlling sex-organ
height; both models predict the same patterns of segregation. Recent studies on the molecular genetics of distyly in Primula
demonstrating the hemizygous nature of genes at the S-locus make it more likely that homostyles have resulted from
mutation rather than recombination.

Introduction

Determining the inheritance of reproductive traits causing
shifts in mating systems can provide important insights into
the genetic mechanisms governing reproductive transitions.
In flowering plants, the evolution from predominant out-
crossing to high rates of self-fertilization is the most

widespread reproductive transition and has evolved on
numerous occasions, particularly in herbaceous groups
(Stebbins 1974). This change in mating system has impor-
tant ecological, genetic and evolutionary consequences and
has been a topic of sustained general interest since Darwin’s
pioneering studies (Darwin 1876, 1877; Jain 1976; Lloyd
1980; Uyenoyama et al. 1993; Igić and Busch 2013; Wright
et al. 2013; Barrett et al. 2014). Shifts from outcrossing to
selfing are associated with genetic modifications to a range
of reproductive characters, including the loss of self-
incompatibility (Barrett 1988; Mable et al. 2005; Igić
et al. 2008) and alterations to a suite of floral characters
(Lloyd 1965; Morgan and Barrett 1989; Sicard and Lenhard
2011). Studies of the genetic basis of mating system
modifiers have revealed a range of genetic architectures
from a few large effect mutations to many genes of small
effect, depending on the reproductive traits examined (e.g.,
Fishman et al. 2002; Good-Avila et al. 2008; Slotte et al.
2012; Sicard et al. 2011). Because the genetic basis of
mating system modification influences the importance of
inbreeding depression for mating system evolution (see
Lande and Schemske 1985; Holsinger 1988), determining
the inheritance of traits promoting selfing is a prerequisite
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for dissecting the complex dynamics of mating system
change.

The evolutionary breakdown of the floral polymorphism
heterostyly provides an excellent opportunity for investi-
gating the evolution of selfing from outcrossing. In
numerous heterostylous families, the style- and stamen-
length polymorphism characterizing heterostyly is replaced
by a monomorphic condition referred to as homostyly
(Darwin 1877; Charlesworth and Charlesworth 1979;
Ganders 1979; Barrett and Shore 2008). The floral morphs
in heterostylous populations possess well separated stigmas
and anthers (reciprocal herkogamy) and are usually self-
and intramorph incompatible (heteromorphic incompat-
ibility). In contrast, the stigmas and anthers of homostyles
are located at similar positions within a flower and as plants
are self-compatible they exhibit high rates of autonomous
self-pollination. Because of their capacity for selfing,
homostyly is often favored by reproductive assurance when
mates or pollinators are scarce and plants suffer from out-
cross pollen limitation (Baker 1966; Ganders 1975; Piper
et al. 1984; Barrett and Shore 1987; Barrett et al. 2009; de
Vos et al. 2012). Homostyles can have either long styles
and long-level anthers (‘long homostyles’) or short styles
and short-level anthers (‘short homostyles’). The former
condition is generally more common (see Charlesworth and
Charlesworth 1979), either occurring as phenotypic variants
in distylous populations (Crosby 1949; Bodmer 1960), or as
the phenotype of derived monomorphic species in distylous
genera (Li and Johnston 2001; Mast et al. 2006; de Vos
et al. 2014). The evolution of homostyly represents the most
common mechanism responsible for the dissolution of
heterostyly and is often associated with reproductive iso-
lation and speciation.

Investigations of the genetic basis of homostyly have
been limited to a relatively small number of taxa two
principal mechanisms appear to be involved. The first
involves rare crossovers and/or mutations of large effect in
the S-locus linkage group that governs the distylous syn-
drome (Ernst 1955; Dowrick 1956; Baker 1966; Charles-
worth and Charlesworth 1979; Shore and Barrett 1985;
Lewis and Jones 1992; Barrett and Shore 2008). A less
common pathway to homostyly involves unlinked modifier
genes of small effect that are non-allelic to the heterostyly
genes (reviewed in Richards 1997, p. 260). These modifiers
are often associated with considerable phenotypic variation
in sex-organ length (Gander 1975, 1979; Arunkumar et al.
2017) and are more commonly reported in the less frequent
cases in which heterostylous species are fully self-compa-
tible, rather than in those possessing heteromorphic
incompatibility.

Classic investigations of the inheritance of distyly and
homostyly in Primula (Primulaceae) have provided
numerous insights on the genetic architecture of heterostyly

and have led to the supergene model to account for the suite
of co-adapted floral traits that comprise the heterostylous
syndrome (Mather and De Winton 1941; Ernst 1955;
Dowrick 1956; reviewed in Lewis and Jones 1992; Richard
1997). Primula is comprised of c. 430 species of which
92% are distylous and 45 are monomorphic for style length;
ancestral state reconstructions indicate that homostyly has
been repeatedly derived from distyly (Mast et al. 2006; de
Vos et al. 2014). In most Primula species, populations are
either exclusively distylous or homostylous; but a few are
polymorphic for the two conditions (e.g., Primula vulgaris
—Crosby 1949; Bodmer 1960; P. chungensis—Zhou et al.
2017). These species provide valuable opportunities for
investigating the genetics and evolution of mating system
transitions. Here, we adopt this approach by exploiting the
occurrence of floral polymorphisms in a third Primula
species to investigate the genetic basis of the evolutionary
breakdown of distyly to homostyly.

Primula oreodoxa is a poorly known perennial, sub-
alpine herb, endemic to the mountains of western Sichuan,
China (Richards 2003). Populations in this region can be of
three types: distylous, homostylous, and those in which
long-styled, short-styled and homostyled plants (hereafter
L-morph, S-morph, H-morphs, respectively) co-occur
(hereafter ‘mixed’ populations). A recent investigation of
the reproductive ecology, morph ratios and genetic rela-
tionships of P. oreodoxa populations demonstrated that
homostylous populations were derived from distylous
populations and homostyles were favored at sites where
pollinator visitation to flowers was reduced (Yuan et al.
2017). Two additional findings from this study were of
particular significance. First, unlike most distylous Primula
species (see Wedderburn and Richards 1990), the L- and
S-morphs of P. oreodoxa were capable of high levels
of autonomous self-pollination. Second, homostyles in
P. oreodoxa are ‘long homostyles’ but exhibit considerable
variation in sex-organ position, including both approach
(stigma above anthers) and reverse (stigma below
anthers) herkogamous phenotypes (Fig. 1 and see Yuan
et al. 2017).

These relatively unusual aspects of the floral biology of
P. oreodoxa motivated us to address the following ques-
tions in this study: (1) What is the inheritance of distyly and
homostyly? We were interested in determining whether
homostyly has originated by major gene changes at the
S-locus linkage group or by unlinked polygenic modifiers.
(2) Given the self-compatible status of populations, does
selfing occur and might this differ among the floral morphs
depending on their sex-organ positions? We predicted the
highest rates of outcrossing in the L-morph and a greater
incidence of selfing in the S-morph, and particularly the
H-morph. (3) Are there homozygous genotypes of the
S-morph (SS) in natural populations, and is there evidence
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that this genotype has reduced viability as a result of ‘lethal
linkage’ of deleterious genes at the S-locus (see Richards
1997)? Theoretical work on heterostylous species suggested
that owing to enforced heterozygosity at the S-locus
reduced viability of SS genotypes owing to linked sheltered
load may occur (Strobeck 1972). We addressed these
questions using controlled crosses of distylous and homo-
stylous morphs and progeny testing of open-pollinated seed
families from maternal parents in five populations.

Methods

Controlled pollinations

To investigate the compatibility status and fertility of cross-
and self-pollinations of the floral morphs in P. oreodoxa, we
transplanted into a glasshouse at the Biological Resources
Research Station at E’mei Mountain (altitude 800 m),
Sichuan Province, 15 individuals per morph from distylous
population JCC and homostylous population CSQ. The two
source populations are located relatively close to one
another (~20 km) in the mountains of western Sichuan and
their localities are mapped in Fig. 1 of Yuan et al. (2017),

where more information on the natural history and repro-
ductive biology of P. oreodoxa is available.

We conducted a total of 10 pollination treatments on the
three floral morphs. These were: distylous morphs—self-
pollination and cross-pollination with the alternate distylous
morph and the homostylous morph; homostylous morph—
self-pollination and cross-pollination with other homo-
stylous plants and with each of the distylous morphs. We
used an average of 10 plants (range 5–14) and 47 flowers
(range 20–84) for each treatment using flowers in the sec-
ond or third day of anthesis. All flowers were caged before
and after pollinations to exclude pollinators, and for cross-
pollinations, we emasculated flowers prior to anther dehis-
cence. We conducted pollinations in March and fruits were
harvested 6–8 weeks later when mature and fruit set and
seed set per fruit were recorded. We compared the fruit set
and average seed number per capsule of pollination treat-
ments using ANOVA in R 3.2.1 (R Development Core
Team 2015).

Inheritance of distyly and homostyly

We used progeny from selected hand self- and cross-
pollinations described in the preceding section to investigate
the inheritance of distyly and homostyly in P. oreodoxa.
These pollinations involved the following individuals: L-
morph—L1, L3, L6, L7, L8, L10, L11; S-morph—S1, S3,
S6, S10; H-morph—H4, H5, H8, H9, H11, H14. In the
glasshouse, we germinated seed families of a given cross
type in June 2015 on soil-filled rectangular flats and grew
plants under semi-natural conditions until flowering
(~10 months) (Fig. 1a). The plants were watered once a
week and no supplementary lighting was provided and
temperature and humidity conditions in the glasshouse was
not controlled. At flowering, we recorded the floral morph
of progeny and measured the stigma and anther height from
the base of the ovary using digital calipers (573-S; Mitu-
toyo, Kawasaki, Japan) for at least 20 fresh flowers that
were sampled randomly from each family.

Progeny testing of open-pollinated families

To investigate floral morph ratios, we grew open-pollinated
maternal seed families to flowering (~10 months) in the
glasshouse from three distylous (JCC, WWS and DWS) and
two mixed (QLP and HZG) populations of P. oreodoxa.
Two to three mature fruits were collected for each family in
May 2016, from plants that were naturally pollinated by
insects [see Yuan et al. (2017) for information on pollina-
tors]. Sample sizes for each population were: JCC—total
seed families= 25; L-morph 12, 536 progeny, S-morph 13,
957 progeny; WWS—total seed families= 25; L-morph 12,
472 progeny, S-morph 13, 766 progeny; DWS—total seed

Fig. 1 a Flowering progenies of Primula oreodoxa grown under
glasshouse conditions. b Flowers of the L- and S-morphs (top row)
and three homostyles illustrating variation in degree of herkogamy
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families= 25; L-morph 11, 361 progeny, S-morph 14, 515
progeny; QLP—total seed families= 22; L-morph 10, 228
progeny, S-morph 7, 174 progeny, H-morph 5, 167 pro-
geny; HZG—total seed families= 39; L-morph 17, 1053
progeny, S-morph 15, 920 progeny, H-morph 7, 236 pro-
geny. We also determined the floral morph ratios of flow-
ering plants in each of the five populations, following
methods described in Yuan et al. (2017). In distylous
populations, we used pooled G-tests (Sokal and Rohlf 1995)
to determine whether morph ratios deviated from the 1:1
equilibrium expected from intermorph (disassortative)
mating between morphs. All analyses were conducted in R
3.2.1 (R Development Core Team 2015).

Results

Compatibility status of floral morphs

Controlled self- and cross-pollinations demonstrated that in
contrast to most heterostylous plants, the floral morphs of P.
oreodoxa are highly self-compatible. There were no sig-
nificant differences in fruit set or seed set following self-
and intermorph pollinations. As expected, homostylous
plants were highly self-compatible and also fully cross-
compatible with both distylous morphs. Among all 10
pollination treatments, there was no significant difference in
the fertility of crosses (Fig S1; fruit set: F= 1.98, P= 0.91;
seed set capsule: F= 1.92, P= 0.54).

Inheritance of distyly and homostyly

Selfed progeny of S-morph plants did not differ from the
expected ratio of 3 S-morph:1 L-morph; whereas self-
pollinations of L-morph plants gave only L-morph progeny.
Intermorph crosses resulted in patterns of segregation that
were not significantly different from the expected 1:1 morph
ratio (Table 1). Thus, floral morph frequencies in self- and
cross-pollinations of the distylous morphs in P. oreodoxa
were consistent with the common genetic model for the
inheritance of distyly with the S-morph heterozygous (Ss)
and dominant to the L-morph (ss).

Selfing of homostylous plants gave rise to exclusively
homostylous progeny and crosses between homostyles and
the L-morph also resulted in only homostylous progeny,
regardless of which floral morph was the pollen or ovule
parent. In contrast, crosses between homostylous and S-
morph plants gave rise to segregation ratios for the two
morphs that did not deviate significantly from 1 H-morph:1
S-morph. The results indicate that the homostylous allele
(Sh) is dominant to the long-styled allele (s), but recessive to
the short-styled allele (S). Measurements of the sex organs
of flowers confirmed the presence of distinct bimodal

patterns in stigma and anther height where segregation
occurred (Fig. 2). These patterns demonstrate that the
genetic control of homostyly in P. oreodoxa is not governed
primarily by polygenic modifiers and is consistent with
major gene control.

Progeny testing of open-pollinated plants

In the three distylous populations, progeny testing of seed
families of the L-morph yielded morph frequencies not

Table 1 Floral morphs in progeny from controlled pollinations of
distylous and homostylous plants of Primula oreodoxa

Cross Floral morph of progeny

Long Short Homostyle

(1) Long × short Deviation from
1 L:1 S

L1 × S6 28 32 G= 0.27 P= 0.61

L11 × S10 36 40 G= 0 .21 P= 0.64

L3 × S3 33 27 G= 0.60 P= 0.44

Heterogeneity G= 1.06 P= 0.59

(2) Short selfed Deviation from
1 L:3 S

S6 × S6 11 29 G= 0.13 P= 0.72

S3 × S3 17 55 G= 0.08 P= 0.78

Heterogeneity G= 0.21 P= 0.65

(3) Long selfed

L6 × L6 49

L7 × L7 59

L8 × L8 67

L10 × L10 27

(4) Homostyle selfed

H4 × H4 50

H5 × H5 22

(5) Homostyle × long

H11 × L1 17

H4 × L1 21

H4 × L11 13

L11 × H14 18

H11 × L11 65

(6) Homostyle × short Deviation from
1 S:1 H

H4 × S1 16 16 G= 0 P= 1

S6 × H8 16 12 G= 0.57 P= 0.45

H9 × S10 2 3 G= 0.20 P= 0.65

S10 × H5 31 28 G= 0.15 P= 0.70

Heterogeneity G= 0.64 P= 0.89

The distylous individuals were from distylous population JCC and the
homostylous individuals were from homostylous population CSQ. G-
tests were used to determine whether morph ratios deviated from the
expected 1:1 and 1:3 ratios
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significantly different from the 1 L-morph:1 S-morph ratio
expected from complete disassortative mating (Table 2). In
contrast, progeny testing of S-morph families indicated a
significant excess of S-morph plants in each of the three
populations (Table 2). Of the 2171 plants that flowered
from the 40 families, 71% were of the S-morph. In two of
the three populations (JCC and DWS), morph ratios were
not significantly different from 1:1, despite the significant
excess of S-morph progeny. Significantly, families from
four S-morph plants (JCC-S7, WWS-S4, WWS-S19 and
WWS-S21) yielded between 29 and 83 S-morph progeny
and no L-morph offspring. The probability of observing no
L-morph plants among heterozygous (Ss) parents for a
sample size of 29 is 1.86 × 10−9 (under disassortative

mating) and 2.4 × 10−4 (under self-mating). Hence, these
four S-morph plants are likely to be homozygous (SS) at the
S-locus (Table S1).

Progeny testing of the two mixed populations involved a
total of 22 seed families and 569 offspring from QLP, and
39 seed families and 2209 progeny from HZG. The popu-
lations differed significantly in the frequency of homo-
stylous plants (QLP= 0.51; HZG= 0.14), and in both
populations S-morph plants outnumbered those of the L-
morph, particularly in HZG where they comprised ~52% of
the population. Pooled frequencies (L:S:H) of
0.40:0.30:0.30 were observed in the progeny of QLP and
0.47:0.42:0.11 in the progeny of HZG (Table S2). In
population QLP, L-morph plants yielded L-, S- and H-

Fig. 2 Distributions of stigma
and anther heights in the
progeny of controlled crosses of
Primula oreodoxa illustrating
the discrete patterns of variation
that were obtained. a S6 × S6; b
L1 × S6; c H4 × L11; d H11 ×
L11; e S10 × H5

114 Shuai Yuan et al.



morphs with a frequency of 0.54:0.25:0.21, whereas there
were no homostyles in S-morph families and the L- and S-
morph frequencies were 0.27:0.73. Homostyle families
were almost exclusively homostylous, with only a single S-
morph plant in one family (QLP-H14, Table S3). In HZG,
the frequency of homostyles in families of the L- and S-
morph was relatively low, 0.06 and 0.05, respectively, but
homostyles dominated in homostylous families, comprising
75% of all offspring (Table S2). S-morph family HZG-S5
produced 107 S-morph plants and is therefore almost cer-
tainly of SS genotype. Three other S-morph plants QLP-S8,
QLP-S11 and HZG-S29 also yielded only S-morph progeny
(see Table S3), but because the family sizes were only 7, 8
and 15, respectively, more progeny would be required to
unequivocally determine if these individuals were of gen-
otype SS.

Discussion

Our study of P. oreodoxa revealed several major findings.
Distyly is controlled by the common model of inheritance
found in several other heterostylous families involving a
single diallelic Mendelian S-locus with dominance (S-
morph S-; L-morph ss), and homostyly has originated by
major gene change at the distyly linkage group with the
homostylous allele (Sh) dominant to the long-styled allele
(s), but recessive to the short-styled allele (S). Unlike most
distylous Primula species, morph-specific differences in
mating are a feature of P. oreodoxa populations and appear
to be associated with differences among the morphs in the
degree of herkogamy. Finally, homozygous (SS) genotypes
of the S-morph were evident in populations and have
probably arisen by selfing and perhaps also assortative
mating. We now discuss these findings in light of recent
advances in understanding of the molecular genetic archi-
tecture of the Primula S-locus linkage group, and we also

consider the implications of the self-compatible status of
P. oreodoxa for the mating biology and genetics of
populations.

Genetics of distyly and homostyly

Heterostyly has evolved on numerous occasions in the
angiosperms and is reliably reported from 28 families
(Lloyd and Webb 1992; Barrett et al. 2000). Studies of the
inheritance of heterostyly have been conducted in 11
families, with the majority of these investigations involving
distylous species (reviewed in Lewis and Jones 1992). In all
distylous species examined to date, a single diallelic Men-
delian locus with dominance can explain the segregation
patterns obtained from controlled crosses. With two
exceptions, where the dominance relations are reversed
[Plumbaginaceae (Baker 1966); Hypericaceae (Ornduff
1979)], the S-morph is dominant to the L-morph. Our
results for P. oreodoxa conform to the common pattern of
S-morph dominance, which has also been demonstrated in a
few other Primula species beginning with the seminal study
of Bateson and Gregory (1905), although Darwin’s earlier
crosses on P. vulgaris also conformed to these ratios (see
Charlesworth and Charlesworth 2009). The uniformity of
results for Primula is not unexpected because despite the
large number of species in this genus, phylogenetic recon-
structions are consistent with a single origin of distyly (Mast
et al. 2006; de Vos et al. 2014).

The simple Mendelian inheritance of distyly is under-
pinned by a more complicated genetic architecture first
revealed by crosses between distylous and homostylous
forms of Primula (Mather 1950; Ernst 1955; Dowrick
1956). This work led to the recognition that the L- and S-
morphs are genetically controlled by a chromosomal region
containing several genes governing different heteromorphic
traits, including style length (G locus), anther position (A
locus) and pollen size (P locus) (reviewed in Richards 1997;

Table 2 Floral morphs in progeny of open-pollinated seed families of Primula oreodoxa from three distylous populations

JCC WWS DWS

L:S G-test L:S G-test L:S G-test

Population floral morph
ratio

45:55
0.45:0.55

G= 0.317 87:123
0.41:0.59

G= 6.20* 14:15
0.48:0.52

G= 0.03

L-morph families 338:296
0.53:0.47

G= 2.78 210:248
0.46:0.54

G= 3.16 142:153
0.48:0.52

G= 0.41

S-morph families 198:661
0.23:0.77

G= 263.3*** 217:514
0.30:0.70

G= 124.2*** 219:362
0.38:0.62

G= 35.56***

All families 536:957
0.36:0.64

G= 120.3*** 472:766
0.38:0.62

G= 13.58*** 361:515
0.41:0.59

G= 27.21***

Between morph
heterogeneity

G= 145.76*** G= 32.45*** G= 123.69***

All G values are tested against a 1:1 morph ratio; *P < 0.05; ***P < 0.001
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Barrett and Shore 2008). The heterostyly genes comprise a
complex supergene that functions to produce an integrated
phenotype held together by tight linkage owing to sup-
pressed recombination (Charlesworth 2016). All dominant
alleles are linked on one S haplotype and all recessive
alleles are linked on the alternative s haplotype. Following
this model, homostyles have classically been interpreted as
the product of rare recombination events within the S-locus
leading to chimeric S-alleles that combine parts of both
dominant and recessive alleles (Charlesworth and Charles-
worth 1979; Lewis and Jones 1992). Indeed, crosses
between distylous and homostylous forms of Primula spe-
cies (Ernst 1957; Dowrick 1956) and Turnera ulmifolia
(Shore and Barrett 1985) resulted in segregation data con-
sistent with the origin of homostyles by recombination. Our
results for P. oreodoxa also conform to these patterns and
demonstrate that homostyles arise through major gene
changes at the S-locus and not polygenic modifiers of sex-
organ height occurring elsewhere in the genome. However,
genes of small effect non-allelic to the S-locus linkage
group may be involved with minor adjustments to sex-organ
height once homostyles have originated, as demonstrated
for homostyles of T. ulmifolia (Shore and Barrett 1990).

Recent investigations of the molecular genetic archi-
tecture of distyly in Primula cast doubt on the recombina-
tion origin of homostyles and perhaps also in other taxa.
This work has established that, in contrast to the classical
model of the S-locus described above, the linkage group
controlling distyly is comprised of a hemizygous region
comprised of at least five genes (Huu et al. 2016; Li et al.
2016; Burrows and McCubbin 2017, reviewed in Brennan
2017; Kappel et al. 2017). Of particular significance for the
recombination hypothesis is that the hemizygous nature of
the dominant S haplotype implies that there is no homo-
logous sequence on the s haplotype for it to pair with and
undergo crossing over (Kappel et al. 2017). Thus, it is more
likely that homostyles in Primula have not arisen by
recombination but rather are the result of mutation at indi-
vidual loci, as originally proposed by Ernst (1936). Muta-
tion at the style length (CYP734A50) and anther height
(GLO2) genes have been proposed as possible candidate
genes (Li et al. 2016). However, a model involving a
mutational origin for homostyles can give the same patterns
of segregation that we found in our crosses between dis-
tylous and homostylous morphs of P. oreodoxa. Therefore,
based on crossing data alone it is not possible to distinguish
between the recombination versus mutation hypothesis for
the origins of homostyly, even though the latter seems more
likely.

The finding that P. oreodoxa is thoroughly self-compa-
tible, unlike most distylous Primula species, is of sig-
nificance to current work on the molecular genetic
architecture of heterostyly, which has failed to identify

individual genes that specifically control heteromorphic
incompatibility. Instead, several lines of evidence suggest
that sex-organ length and incompatibility may be controlled
by the same genes and that a classic self-recognition system,
as occurs in homomorphic incompatibility (reviewed in
Franklin-Tong 2008), is absent from heterostylous plants
(and see Gibbs 1986; Lloyd and Webb 1992). Comparisons
of sequences at CYP734A50 and GLO2 in self-incompatible
Primula species with those from self-compatible species
such as P. oreodoxa and P. chungensis (Zhou et al. 2017)
should provide insights into the molecular basis of com-
patibility systems in heterostylous plants and enable defi-
nitive confirmation of the mutational origin of homostyles.

Mating patterns in natural populations

We used progeny testing of open-pollinated seed families of
P. oreodoxa to provide an assessment of mating patterns in
five natural populations. Although more quantitative esti-
mates await the application of molecular markers for P.
oreodoxa, by using the style length locus we were able to
demonstrate striking differences among floral morphs in
mating patterns. This approach using the style length alleles
has been previously employed in several self-compatible
heterostylous species (e.g., Ganders 1975; Barrett et al.
1987). In the three distylous populations of P. oreodoxa,
open-pollinated seed families of the L-morph produced
morph ratios not significantly different from 1:1. Regardless
of the morph frequencies in distylous populations, this ratio
is expected from disassortative mating. In contrast, seed
families of the S-morph of P. oreodoxa produced mostly S-
morph progeny. For example, in population JCC 77% of the
total offspring from 13 S-morph families were S-morph and
within each family, they outnumbered L-morph progeny.
This pattern is most likely the result of significant levels of
selfing and/or possibly assortative mating in the S-morph,
both of which would result in S-morph biased families.
Experimental studies using genetic markers have demon-
strated that the contrasting sex-organ position of the floral
morphs, involving approach versus reverse herkogamy, are
associated with different rates of selfing, with significantly
higher selfing in the S-morph compared with L-morph
(Kohn and Barrett 1992; Barrett 2003, see Fig. 3). Our
results are consistent with this pattern and show how the
absence of self-incompatibility in heterostylous plants pla-
ces an important premium on floral morphology in affecting
mating patterns.

Mating in self-compatible heterostylous populations
containing homostyles is more complex than in distylous
populations. In P. oreodoxa, homostyles have a much
higher capacity for autonomous self-pollination than the
distylous morphs, owing to the close proximity of anthers
and stigmas within their flowers (Yuan et al. 2017). We
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therefore predicted that homostyles should experience a
higher incidence of selfing than either of the distylous
morphs. Progeny tests of homostylous families in the two
mixed populations generally supported this expectation. In
mixed populations QLP and HZG, overall 99 and 75% of
progeny from homostylous families were homostylous. The
24% difference between the populations likely reflects dif-
ferences in mating opportunities with distylous morphs; in
QLP, homostyles were the commonest morph in the
population, whereas in HZG it was the least common. Our
genetic study demonstrated that selfing of homostyles pro-
duced exclusively homostylous progeny, so the field data
are consistent with moderate to high selfing rates in this
morph. Other studies on mating patterns of homostyles in
heterostylous taxa generally indicate higher rates of selfing
in comparison with the distylous morphs (e.g., Primula—
Piper et al. 1984; Amsinckia—Ganders et al. 1985; Eich-
hornia—Barrett and Husband 1990; Turnera—Belaoussoff
and Shore 1995).

Sheltered load and SS genotypes in heterostylous
plants

The accumulation of deleterious mutations (mutational
load) is not distributed evenly across the genome. Regions
under strong balancing selection or with restricted recom-
bination may be especially susceptible to the build-up of
deleterious recessive mutations. Because natural selection
cannot easily purge these mutations, this phenomenon is
referred to as ‘sheltered load’ and enforced heterozygosity
at the S-locus is known to be associated with this form of
mutational load in species with homomorphic incompat-
ibility (Uyenoyama 1997; Stone 2004). Strobeck (1972)
modeled the fitness consequences of this situation for a
distylous population in which the S-locus was linked to a
recessive lethal allele. Later, Richards (1997) proposed a
model in which a lethal recessive allele linked to the S-locus
was a key requirement for the evolution of distyly and
claimed that S-morph linked lethals were “a pervasive
feature of most heterostylous plants” (Richards 1997, p.
284). However, evidence for linked lethals and viability
selection against homozygous genotypes of the S-morph
(SS) of heterostylous species is mixed (Mather and de
Winton 1941; Shore and Barrett 1985; Barrett et al. 1989;
Kurian and Richards 1997). For example, homozygous S-
morph plants in Primula sinensis had 70% of the viability of
heterozygotes (Mather and de Winton 1941), whereas in
diploid Turnera ulmifolia there was no evidence for S-
linked lethals, or viability selection against SS genotypes
based on 3:1 ratios following self-pollination of Ss geno-
types and the occurrence of pure breeding (SS) S-morph
plants.

We identified several pure breeding S-morph plants of P.
oredoxa among the open-pollinated families sampled from
distylous and mixed populations (see supplementary Tables
S1 and S3, respectively). SS genotypes undoubtedly arise
because of the capacity of the S-morph to self-fertilize and
or mate with other S-morph plants. Clearly their occurrence
provides evidence against S-linked lethality, as does the 3:1
rather than 2:1 ratios of the S- and L-morphs we obtained
from selfing S-morph plants (Table 1). However, there is
evidence that there may be viability selection against some
S-morph plants in distylous populations. Progeny tests of S-
morph families in distylous populations DWS and JCC
indicated that overall 62 and 77% were comprised of S-
morph plants. But flowering morph ratios in these popula-
tions were not significantly different from 1 L:1 S. The
deficit of the S-morph in adult morph ratios could have
arisen because of viability selection owing to linked load,
although this pattern could also have resulted from genome-
wide inbreeding depression owing to selfing.

This investigation has broadened the range of genetic and
evolutionary questions that can be addressed using Primula
as a model system. We have demonstrated that P. oreodoxa
provides a suitable experimental system for genetic analysis
as plants are easily cultured and crossed and plants can be
grown to flowering in a relatively short period. The dis-
covery of Primula species comprised of distylous, homo-
stylous and mixed populations provides opportunities to
investigate the genetic and ecological mechanisms asso-
ciated with mating system transitions. Moreover, the recent
discovery of two highly self-compatible Primula species
(Yuan et al. 2017; Zhou et al. 2017) opens up the possibility
of future comparative genomic work on the genetic archi-
tecture of the S-locus to clarify unresolved questions con-
cerning the molecular basis of incompatibility and its
breakdown in heterostylous plants.
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