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Most natural primrose (Primula vulgaris) populations are outcrossing,
as they are distylous. Distylous plants have two flower “morphs,”
each able to fertilize only the other morph, though both are her-
maphroditic, as Darwin (1877) discovered. The two types of prim-
rose individuals are “pin” (flowers have long styles, with anthers
positioned low in the corolla tube) and “thrum” (short styles, with
anthers near the top of the corolla tube, see figure 1 in Mora-Carrera
et al., 2022). The morphs are controlled by a single genetic locus;
long-styled plants are homozygous for the recessive s allele (s/s),
and short-styled individuals are S/s. Pollinations of s/s by S/s, or the
reverse, produce seeds, while other combinations are termed “ille-
gitimate” and produce at most very few seeds, due to an incompati-
bility system. Both legitimate crosses produce a 1:1 ratio of the two
morphs (much like an XY sex chromosome system controlling male
and female individuals), maintaining a 1:1 ratio every generation.

It has long seemed likely that these three intermorph differ-
ences—in style length, anther position, and whether the pollen is
compatible with pin or thrum pistils—might be controlled by at least
three separate genes (Figure 1a). Recent studies combining genetics
with genome sequencing indeed showed that the distyly locus re-
gion includes a set of five genes, and that these are present only in
the S allele (Li et al., 2016). The so-called “S haplotype” appears to

have evolved by duplications of progenitor genes originally present

In this issue of Molecular Ecology, Mora-Carrera et al. (2022) revisit a case of the loss of
an outcrossing system in primroses, which has been studied as an example of balanc-
ing selection in the wild since the 1940s. Molecular variants in the gene involved in
the mutant self-fertile phenotype, which is now known, help towards understanding
this textbook example of breakdown of an outcrossing system. However, as often

happens, new information also raises further questions.

in other genome locations (Potente et al., 2022). The gene that con-
trols the short style length is called CYP". Loss of this gene produces
a “long homostyle” phenotype (Figure 1a). Such mutant individuals
are self-compatible because CYPT also controls the stigma incom-
patibility type (Huu et al., 2022), while the pollen incompatibility
type remains the same as that of short-styled plants (incompatibility
is controlled by another gene, whose identity remains mysterious).
Not surprisingly, the long homostyle mutation, termed S™ (with lost
CYPT function) is recessive to the wild-type short-styled “allele.”
Distyly was probably present in the common ancestor of the
more than 400 Primula species (Mast et al., 2006; Vos et al., 2006),
but many extant species are not distylous, and consist of secondarily
homostylous individuals. Theoretical modelling predicts that muta-
tions causing self-compatibility should readily spread throughout
populations, since self-fertilization can transmit two copies of the
selfing allele to offspring, whereas outcrossed offspring inherit only
one maternal allele (Fisher, 1941). This “transmission advantage” is
often opposed by inbreeding depression (low survival or fertility of
progeny from selfing). If, however, conspecifics or pollinators be-
come scarce, self-fertilization may be the only way to produce seeds,
and even strong inbreeding depression cannot oppose the further
advantage of “reproductive assurance” provided by selfing. It is

therefore not surprising that secondary loss of outcrossing systems
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FIGURE 1 The genetics and evolution of distyly and an XY sex chromosome pair, showing the two haplotypes in both situations. (a) the
distyly genome region, or S-locus. At least three S-locus genes probably control the phenotype differences between the long- and short-
styled morphs in distylous plants. The S-locus region is hemizygous in the S/s genotype (short-styled), and five genes have been identified

in the roughly 280-kb region, none of which is present in the s haplotype (long-styled). The S haplotype genes are therefore hemizygous in
the short-styled genotype. Long homostyles can arise by a mutation causing loss of a functional CYPT gene, which controls the gynoecium
character of the short-styled morph; the other st haplotype genes are hemizygous in the initial mutant (s"/s), but the haplotype can become

homozygous through self-fertilization or after the haplotype spreads to

a high frequency in the population. (b) X-linked genes are present in

diploid coverage in females, but may be hemizygous in males, due to loss of copies from the Y, so that homozygotes for the Y chromosome
are lethal. (c) Frequencies of homostyled individuals and the two other morphs in primrose natural populations sampled in Somerset;

distylous populations, with no homostyles, are also shown on the y-axis

is common in flowering plants, which are at the mercy of environ-
mental changes causing low density of their own species, or their
pollinators. Reversions from separate sex systems back to hermaph-
roditism can readily occur by loss of a dominant Y-linked femaleness
suppressor, and are known in several plant genera, such as papaya
(VanBuren et al., 2016). Similarly, several Primula species from arctic
environments, and Primula scotica, from the north of Scotland, are
entirely homostylous.

Mora-Carrera et al. (2022) restudied an intriguing set of prim-
rose populations with both heterostylous and homostylous indi-
viduals in Somerset, England. New samples of around 100 plants
per site confirmed earlier findings (Crosby, 1949) that, while many
populations are distylous, and have roughly 50% of each morph,
others also include long homostyles, though their frequencies in na-
ture rarely exceed 75% (Figure 1c), unlike the homostyled species
mentioned above. The multilocus outcrossing rate, estimated using
microsatellite genotyping in progeny of homostyles in one entirely
homostylous natural population, was 15%, versus 98% for the self-
incompatible morphs in a distylous population. This is consistent
with these homostyles' self-compatibility providing an advantage
through self-fertilization, especially in years with bad weather when
reproductive assurance is important (Piper et al., 1986).

Does the persistence of populations that are not completely
homostylous (Figure 1c) imply that balancing selection is maintain-
ing the more outcrossing ancestral long-styled morph? Theoretical
modelling assuming that homostyles reproduce entirely by self-
ing (Crosby, 1949) predicted that populations with homostyle fre-
quencies around 75% can be maintained by balancing selection if

homozygous homostyles' survival rate is 35% below that of other
genotypes. Low survival of sH/sH plants was long considered unsur-
prising, since distyly shares with many sex chromosome systems the
property of hemizygosity of a nonrecombining region, and Y chro-
mosomes are often lethal when made homozygous (in papaya, for
example, self-fertilized XY hermaphrodites produce no YY progeny).
However, there is a fundamental difference. YY lethality reflects
gene losses from a multigene Y-linked region (genetic degeneration),
so that males are hemizygous for many X-linked genes (Figure 1b).
In contrast, hemizygosity of the distyly locus in S/s heterozygotes
is due not to gene losses (as in Y chromosome degeneration), nor to
mutational differences in genes present both the S and s haplotypes
(with the s-linked alleles recessive, as was long thought to be the
case), but instead to a history of gene duplications and movements
(Potente et al., 2022) that added a small (roughly 280kb) region with
the CYPT gene along with the other four genes present in the S and
S haplotypes, while the s haplotype of normal long-styled plants
completely lacks these. Low SH/SH homozygote survival is thus puz-
zling. Crosby's idea is now potentially testable in progeny generated
by selfing homostyles (at least in greenhouse or botanic garden con-
ditions). Homostyles must be either s/S™ heterozygotes (hemizygous
for the S locus) or S"/SH homozygotes (since S" is recessive to the
S haplotype, they cannot be $/S", as such heterozygotes are short-
styled). The different genotypes are thus distinguishable using se-
quence coverage estimates of S locus genes.

Hemizygosity greatly simplifies interpretation of sequence data.
Assuming that homozygotes do indeed survive poorly, and are rare
in natural populations, most homostyled individuals should be s/S"
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heterozygotes (lacking functional CYP, and hemizygous for a mu-
tant copy unless it is deleted). In 27 homostylous individuals from
10 different populations, Mora-Carrera et al. (2022) found 21 cyp’
sequences that encode proteins that are probably nonfunctional
(as expected): 12 sequences, found in multiple populations, had a
mutation creating a premature stop codon, while others, mostly
from single populations, had indel or nonsynonymous mutations. In
contrast, and again as expected, all 17 sequences from short-styled
plants (hemizygous) encode an identical functional amino acid se-
quence. However, six sequences (from homostyles in two different
populations) also had this sequence, and may have mutations in
noncoding regions. Since no coding sequence mutation is shared
by all homostyles, an earlier noncoding mutation may have disabled
CYP"'s function, so homostyly may not have evolved independently
in the different Somerset populations. If it is older, it may have been
followed by secondary mutations (neutral, because purifying selec-
tion no longer operated). It is difficult to test this by sequencing,
as this gene's noncoding regions are very long. If the seven diverse
mutations in the coding sequence are indeed secondary, neutral
mutations, the initial homostyly mutation must have occurred long
enough ago for them to have become established in the sequenced
region (at most 1597 bases) in the six lineages sequenced. Homostyly
may therefore not have arisen recently in Somerset, and may not be
maintained by balancing selection. It could instead be a relic of an
ancient homostyled primrose race, like the arctic species mentioned

above, that could have colonized Britain after the ice retreated.
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