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Heterostyly represents a fascinating adaptation to promote out-
breeding in plants that evolved multiple times independently.
While L-morph individuals form flowers with long styles, short
anthers, and small pollen grains, S-morph individuals have flowers
with short styles, long anthers, and large pollen grains. The differ-
ence between the morphs is controlled by an S-locus “supergene”
consisting of several distinct genes that determine different traits
of the syndrome and are held together, because recombination
between them is suppressed. In Primula, the S locus is a roughly
300-kb hemizygous region containing five predicted genes. How-
ever, with one exception, their roles remain unclear, as does the
evolutionary buildup of the S locus. Here we demonstrate that the
MADS-box GLOBOSA2 (GLO2) gene at the S locus determines an-
ther position. In Primula forbesii S-morph plants, GLO2 promotes
growth by cell expansion in the fused tube of petals and stamen
filaments beneath the anther insertion point; by contrast, neither
pollen size nor male incompatibility is affected by GLO2 activity.
The paralogue GLO1, from which GLO2 arose by duplication, has
maintained the ancestral B-class function in specifying petal and
stamen identity, indicating that GLO2 underwent neofunctionali-
zation, likely at the level of the encoded protein. Genetic mapping
and phylogenetic analysis indicate that the duplications giving rise
to the style-length-determining gene CYP734A50 and to GLO2 oc-
curred sequentially, with the CYP734A50 duplication likely the
first. Together these results provide the most detailed insight into
the assembly of a plant supergene yet and have important impli-
cations for the evolution of heterostyly.
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Flowering plants have evolved many different adaptations to
promote efficient cross-pollination (1, 2). Some of the most

fascinating of these are found in the group of stylar polymor-
phisms that often combine reciprocal herkogamy with self-
incompatibility (1). Individuals of species with stylar polymor-
phism fall into two or three classes, or morphs, that differ in their
arrangement of male and female reproductive organs. In par-
ticular, male and female organs are physically separated within a
flower, and this herkogamy is reciprocal between the morphs in
most species, with anthers in one morph located in the analogous
position to the style in the other, and vice versa. As a result, pollen
from the different morphs is deposited in a spatially segregated
manner on the bodies of pollinators (3), resulting in preferential
cross-pollination between the morphs and preventing pollen
wastage and the formation of less fit inbred progeny. Often, re-
ciprocal herkogamy is complemented by self-incompatibility to
prevent self-fertilization; with only two or three compatibility types
corresponding to the different morphs this manifests as an intra-
morph incompatibility (4, 5).
An intensively studied stylar polymorphism is heterostyly

(6–8). In the simplest case, distyly, individuals either form
flowers with short styles and high anthers (S-morph) or flowers
with long styles and low anthers (L-morph). Additional poly-
morphisms can be associated with this reciprocal herkogamy; for
example, in many species S-morph flowers produce larger, but
fewer, pollen grains compared to L-morph flowers (9). In

addition, self-incompatibility is present in many distylous species
(9). In all examined cases, distyly is under simple Mendelian
genetic control, with a dominant and a recessive haplotype at the
single S locus determining the morphs (10). With a few excep-
tions, the dominant S haplotype causes S-morph and the reces-
sive s haplotype L-morph flowers. Rather than a single gene, the
S locus represents a supergene, that is, a chromosomal region
with at least two tightly linked genes that determine the different
aspects of a coadapted set of phenotypes (10–12). Similar su-
pergenes underlie many fascinating coadapted phenotypes in
plants and animals (13–16), and their evolutionary buildup is
often only incompletely understood.
The primrose genus Primula is the most studied model for

distyly (17). Primula flowers show reciprocal herkogamy, pollen
polymorphism, and self-incompatibility, with the dominant S and
recessive s haplotypes producing S- and L-morph flowers, re-
spectively (3, 18, 19). Based on classical genetic studies, the S
locus supergene has been proposed to contain at least three
separable individual loci: G, controlling style length; A, deter-
mining anther position; and P, controlling pollen size and
number (10). Style length and female-compatibility type have
never been genetically separated (20, 21); by contrast, male
compatibility is likely controlled by a locus distinct from A and P
(21, 22). At the molecular level, the dominant S-locus haplotype
represents a roughly 280-kb-long genomic segment that is
hemizygous; specifically, it is present only on the chromosome
with the S haplotype but missing from the chromosome with the
recessive s haplotype (23–25). Five genes have been predicted to
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reside in this 280-kb segment based on its sequence in Primula
vulgaris and the closely related Primula veris (25). This archi-
tecture of the S locus with a large hemizygous region appears to
be conserved in five species belonging to different clades of the
genus Primula (25), yet whether all five predicted genes are
present at the S locus throughout the different Primula species is
unknown. The five genes predicted in P. vulgaris and P. veris are
CYP734A50, encoding a cytochrome P450; GLOBOSA2 (also
known as GLOT), coding for a B-class homoeotic MADS-
domain transcription factor; a KELCH F-BOX PROTEIN
(KFBT) gene; a gene encoding a PUMILIO RNA-binding pro-
tein (PUMT); and a gene encoding a CONSERVED C-TER-
MINAL DOMAIN (CCMT) protein. [Naming of the genes
follows priority regarding their first publications (23, 26, 27).] Of
these, CYP734A50 has been shown to correspond to the G locus
(26). The encoded cytochrome P450 monooxygenase inactivates

brassinosteroids, a class of phytohormones promoting cell elon-
gation, and thus suppresses style elongation in S-morph flowers.
Despite this important progress, a number of key questions

remain unanswered. One concerns the identity of the other two
genetically defined loci, A and P, which determine anther posi-
tion and pollen size, respectively. The GLO2 gene represents a
plausible candidate for the A locus; in fact, a transposon inser-
tion in GLO2 of P. vulgaris has been reported to result in a short-
homostyle phenotype (23). However, no description of the mutant
phenotype has been provided, nor has this finding been confirmed
by an independent allele. Thus, the identity of the GLO2 gene
with the A locus remains to be firmly established. As for P, no
information is currently available about its molecular nature.
The second major unresolved question concerns the evolu-

tionary buildup of the S locus, both regarding its chromosomal
assembly and the sequence of trait changes. Clear paralogues of
CYP734A50, GLO2, and CCMT are found outside of the S locus,
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Fig. 1. VIGS of GLO2 results in short-homostylous flowers. (A) Short-homostylous phenotypes in VIGS-GLO2–treated S (short-styled)-morph plants. Images
were taken in dissected flowers (Top) and from the top of flowers (Bottom). Arrow indicates the position of anthers. (Scale bars, 1 mm.) (B) Expression of GLO2
in untreated S- and L (long-styled)-morph plants and in VIGS-GLO2–treated S- and L-morph plants. Values represent the mean ± SD from three biological
replicates. Asterisk indicates significant difference from S-morph flowers by Student’s t test with ***P < 0.001. (C) Expression of GLO1 in untreated S- and
L-morph plants and in VIGS-GLO2–treated S- and L-morph plants. Values represent the mean ± SD from three biological replicates. Student’s t test showed no
significant difference (ns) between samples. (D–F) Anther height (D), length of corolla tube (E), and diameter of corolla mouth (F) as measured in untreated S-
and L-morph and in VIGS-GLO2–treated S-morph plants. The lines in the boxes indicate the median, the boxes show the interquartile range and the whiskers
indicate the largest and smallest values within 1.5x interquartile ranges above the 75th or below the 25th percentile, respectively, from n = 10 flowers.
Asterisks indicate significant difference from S-morph flowers by Student’s t test with *P < 0.05 and ***P < 0.001. (G and H) Length of corolla cells above (G)
and below (H) the anther in untreated S- and L-morph plants and in VIGS-GLO2–treated S- and L-morph plants. Ten corolla tubes from each phenotype were
measured and values are the mean ± SD. Asterisks indicate significant difference from S-morph flowers by Student’s t test with ***P < 0.001.
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indicating that genes at the S locus arose by duplication (23, 24,
26). Based on available genome-sequence information, the
paralogues of CYP734A50 and GLO2 (termed CYP734A51 and
GLO1) are not directly adjacent to each other (24), yet their
precise locations are unknown—whether close by on the same
chromosome or further apart, possibly on different chromo-
somes. Thus, two scenarios are conceivable for how duplica-
tion(s) could have resulted in the hemizygous S locus (28). It
could have arisen by a segmental duplication encompassing the
genes now present at the S locus, and other genes, followed by
loss of those other genes. Under a segmental-duplication sce-
nario, the paralogues outside of the S locus should be physically
and genetically close to each other, and segmental duplication
would have automatically provided linkage between the S-locus
genes. Alternatively, the S locus could have been assembled by
stepwise duplications, with unlinked genes duplicated next to
each other to build up the S locus. If all paralogues are unlinked,
this would argue strongly against a segmental duplication and
lend support to a stepwise scenario. In both cases, the duplicated
copies would acquire novel functions in controlling heterostyly.
Concerning the sequence of trait changes, both existing models
for the evolution of heterostyly argue that the first morphological
trait to evolve was the polymorphism in style length, followed by
the change in anther height (29, 30); however, the models differ
in whether the morphological or the physiological component of
heterostyly evolved first.
A third unsolved question concerns the way in which the du-

plicated paralogues at the S locus have acquired their functions
in determining heterostyly. It seems plausible that the S-locus
copies have undergone neofunctionalization to gain novel activi-
ties in modifying floral-organ growth. This could have occurred
either by a change in gene-expression pattern or by altering the
activity of the encoded proteins, or a combination thereof.
In the present work, we address these three questions, focus-

ing on GLO2. We demonstrate that GLO2 determines the po-
sition of the anthers by modulating cell expansion yet it does not
appear to influence either pollen size or male incompatibility be-
havior. Genetic mapping indicates that the CYP734A51 and GLO1
loci are unlinked, arguing against the segmental-duplication model
for the origin of the S locus. A stepwise buildup of the S locus is
supported by molecular dating of the duplications, suggesting that
the CYP734A50/51 duplication occurred earlier than the GLO1/2
duplication. Finally, silencing of GLO1 demonstrates that GLO2
underwent neofunctionalization after being duplicated.

Results
Silencing of the S-Locus-Linked GLO2 Gene Results in Short-Homostylous
Flowers. The S-locus assembly of P. vulgaris contains a duplicated
paralogue of GLO, originally termed GLO2 in the P. veris genome-
assembly study and GLOT in the P. vulgaris S-locus sequence (23,
27). To confirm experimentally that GLO2 is linked to the S locus
also in other species of Primula, we genetically mapped the gene in
both a large seminatural population of P. veris in Park Sanssouci,
Potsdam, and an experimental cross of the distantly related Primula
forbesii. In both populations we detected complete linkage between
the presence ofGLO2 and the S-morph (68/68 S-morph plants in P.
veris; 16/16 in P. forbesii), while the gene was absent from all
L-morph plants (72/72 L-morph plants in P. veris; 16/16 in P. forbesii;
SI Appendix, Table S1). This confirms that GLO2 resides on the
dominant S haplotype.
To determine the function of GLO2, we down-regulated its

expression by virus-induced gene silencing (VIGS) in P. forbesii,
using a 333-bp fragment from its 3′ end where the highest nu-
cleotide divergence to GLO1 is found (SI Appendix, Fig. S1).
Strongly affected VIGS-GLO2–treated S-morph plants formed
short-homostylous flowers with the anthers low in the petal tube,
at around the same height as the stigmas (Fig. 1A). Such short-
homostylous flowers were seen in 144 out of 200 VIGS-

GLO2–treated S-morph plants (Table 1), with an average re-
duction of anther height of 30% in the affected flowers (Fig. 1D),
bringing the anthers to the same position as in L-morph flowers.
By contrast, no changes in anther position or any other floral
traits were seen in 16 control S-morph plants treated with an
empty VIGS construct; also, VIGS-GLO2 treatment of L-morph
plants did not affect flower morphology (n = 48; Fig. 1A and
Table 1), indicating that the change in anther position seen in
S-morph plants is specifically due to down-regulation of GLO2,
rather than silencing of GLO1. This was confirmed by qRT-PCR
using TaqMan probes to distinguish expression of the highly
similar GLO1 and GLO2 genes (Fig. 1 B and C). Consistent with
a primary effect of the VIGS construct on expression of GLO2,
qRT-PCR indicated a sixfold down-regulation of GLO2 yet no
significant effect on GLO1 expression in S-morph plants; in
L-morph plants, GLO1 expression was similarly unaltered by
VIGS-GLO2 treatment, consistent with the lack of any pheno-
typic change in their flowers. In addition to the position of the
anthers, overall corolla-tube length was slightly reduced in the
VIGS-GLO2–treated flowers, but the width of the corolla
mouth, which is smaller in L- than in S-morph flowers (31), was
not affected by silencing GLO2 (Fig. 1 E and F).
The stamen filaments and petals are fused to form a corolla

tube in Primula. Developmental characterization in P. vulgaris
had previously suggested that the difference in anther position
between the morphs is largely due to increased cell proliferation
in the corolla tube beneath the anther insertion point in S-morph
compared to L-morph flowers (31), while in P. veris both differ-
ences in cell number and in cell size appear to contribute (32).
To determine the cellular basis of the altered anther position in
GLO2-silenced S-morph flowers, we quantified the length of the
corolla and of corolla cells below and above the anther insertion
point (Fig. 1 G and H). This indicated that the corolla tubes of
VIGS-GLO2–treated S-morph plants were about 14% shorter
than those of untreated plants, yet the cells below the anther
insertion point were on average 43% shorter, while those above
the anther insertion point were almost twice as long as in un-
treated flowers. Thus, the reduction in cell length below the
anther insertion point of 43% explains the reduction in the
height of the anthers of 30%. VIGS-GLO2 silencing thus closely
mimics the difference between S- and L-morph P. forbesii flow-
ers, with L-morph flowers also having 30% shorter corolla cells
below the anther insertion point (Fig. 1H). Together, this indi-
cates that in P. forbesii GLO2 acts to promote cell elongation
below the anther insertion point.

Silencing GLO2 Does Not Affect Pollen Traits. The classical genetic
dissection of heterostyly had indicated that control of anther
height by the A locus is separable from the control of pollen size
and number by P and from male incompatibility (10, 21, 22). We
therefore asked whether GLO2 activity also affects the pollen,

Table 1. Phenotypes of VIGS-treated plants

Treatment and morph No. of plants Phenotype

VIGS-GLO2–treated Short homostyle Wild
type

S 200 144 56
L 48 0 48

VIGS-GLO1–treated Petal–sepal
conversion

S 48 15 33
L 48 20 28

For the VIGS-GLO2 treatment, three independent experiments were per-
formed and plants showing short-homostylous flowers were counted. For
VIGS-GLO1 treatment, two independent experiments were performed and
plants showing petal–sepal converted flowers were counted.

23150 | www.pnas.org/cgi/doi/10.1073/pnas.2006296117 Huu et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006296117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006296117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2006296117


either regarding its size and number or its incompatibility be-
havior. If GLO2 indeed represents the A locus as defined by the
above genetic studies, it should not alter these other traits.
Measuring the size of pollen grains from VIGS-GLO2–treated
and control S- and L-morph plants indicated pollen size was not
affected by GLO2 silencing; similarly, also the number of pollen
grains was indistinguishable between GLO2-silenced and control
S-morph plants (Fig. 2 A and B).
To test whether silencing of GLO2 also affected the pollen

incompatibility behavior, we performed controlled crosses using
pollen from VIGS-GLO2-treated and control S-morph plants
(Fig. 2C). When pollen from both groups of plants was applied to
stigmas of L-morph flowers, abundant seed set resulted. By
contrast, there was only very limited seed set when pollen from
these plants was applied to S-morph stigmas. Importantly, no
difference in seed set was observed between pollinations using
control or VIGS-GLO2 S-morph pollen. This indicates that the
pollen from GLO2-silenced plants has retained its S-morph-like
male incompatibility behavior.
One concern for the interpretation of the above pollen ex-

periments could be whether VIGS in the sporophyte can affect
the male gametophyte. Unfortunately, no positive control genes
with a well-established specific function in Primula pollen are
available to test this issue experimentally. However, this concern
is allayed by two arguments. First, while initial reports suggested
only a low silencing activity with tobacco-rattle virus (TRV)–

mediated VIGS in pollen, recent experiments using TRV-VIGS
have found strong effects on pollen development, either by af-
fecting genes that appear to act directly in the pollen (33) or
genes indirectly required for pollen development in the tapetal
cells of the anthers (34, 35). Second, the genetics of heterostyly
in Primula suggests that the P gene acts in diploid sporophytic
cells rather than in the haploid pollen, because S-morph flowers
generate uniform pollen, both regarding its size and male in-
compatibility type, rather than the 1:1 segregation expected if the
P gene acted in the haploid pollen itself. Therefore, taken to-
gether, these results indicate that the GLO2 gene represents the
A locus that determines anther position but is distinct from the P
locus and the gene determining male incompatibility type.

The Ancestral GLO1 Paralogue Has Retained the Function as a
Canonical B-Class Floral-Organ Identity Gene. To determine the
function of the ancestral GLO1 paralogue, we suppressed its
expression using VIGS. In both S- and L-morph genetic back-
grounds, silencing of GLO1 resulted in homoeotic conversions
typical of B-class mutants in model species (Fig. 3 and Table 1).
In moderately affected flowers, petals were converted to organs
resembling sepals; this was most evident from their absence of
purple pigmentation and the presence of farina, a white secre-
tion containing flavones and wax that in the flower is only pro-
duced by sepals, even though the shape of the modified organs
still resembled that of petals (Fig. 3 A–D). In more severely
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affected flowers, no stamens were visible, and these may have
been converted to carpels and fused with the central ovary (SI
Appendix, Fig. S2). Of note, even though petals of VIGS-
GLO2–treated plants occasionally formed jagged, irregular
edges, no petal-to-sepal conversions of comparable strength
were ever observed upon silencing of GLO2. Thus, together, this
indicates that the ancestral paralogue GLO1 has retained its
function as a canonical B-class floral-organ identity gene; by
contrast, GLO2 has lost this activity and has acquired its role in
determining the height of the anthers by modulating cell length
below the anther insertion point by neofunctionalization after its
duplication. The role of GLO1 as a classical B-function gene is
also supported by the hose-in-hose mutant of P. vulgaris that
shows a sepal-to-petal transformation resulting from ectopic
expression of GLO1 in the sepals (36).
Neofunctionalization can occur by changes in gene-expression

patterns or in the activity of the encoded proteins. Based on our
previous transcriptomic analyses on dissected styles and corolla
tubes of mature P. veris flowers (26), both GLO1 and GLO2 are
abundantly expressed in the corolla, but not in the style (SI
Appendix, Fig. S3 A and C). Despite numerous attempts, we were
unable to specifically detect GLO1 or GLO2 expression patterns
in flower buds by RNA in situ hybridization. Therefore, we
compared GLO1 and GLO2 expression patterns in dissected
floral organs using RT-PCR. The expression of GLO1 and
GLO2 was observed in corolla tubes consistent with the RNA-
sequencing (RNA-seq) data (SI Appendix, Fig. S3 B and D).
GLO2 also showed weak expression in other parts of the flower
except for sepals. Thus, in the absence of more spatially resolved
analyses, we suggest that neofunctionalization of GLO2 is un-
likely to have occurred at the level of gene expression but rather
is based on changes to the encoded protein.
To identify candidate changes at the protein level, we com-

pared aligned protein sequences of GLO1 and GLO2 from
multiple Primula species and of GLO1 orthologs from a large
number of angiosperms (SI Appendix, Fig. S4). This indicated
that there is a single substitution in the MADS domain respon-
sible for DNA binding that distinguishes all GLO2 from all
GLO1 proteins. This substitution replaces an otherwise invariant
lysine (K) with asparagine (N) (red arrow in SI Appendix, Fig.
S4); the lysine in question is the first amino acid of a predicted
nuclear-localization signal (37), and PSORT (38) predicts GLO2
to be cytoplasmic (certainty 0.65) in contrast to the predicted
nuclear GLO1 (certainty 0.76). In addition, all GLO2 proteins
differ from all GLO1 proteins by a 13-amino-acid deletion of a
poorly conserved domain between the K-domain and the PI-
motif in the C-terminal region. This functionally important PI-

motif also shows a systematic difference between GLO2 and GLO1
proteins, with a highly conserved phenylalanine (F) replaced by a
cysteine (C) (black triangle in SI Appendix, Fig. S4). Whereas no
straightforward methods for assessing the function of the PI-motif
are available, the functionality of nuclear-localization signals can be
tested by transient expression of fusion proteins in plant cells. We
therefore coexpressed GLO1-mCherry and GLO2-mGFP fusion
proteins in tobacco leaves (SI Appendix, Fig. S5). As predicted,
GLO1-mCherry fluorescence was detected in the nucleus, but
GLO2-mGFP fluorescence was also restricted to the nucleus. Thus,
the K-to-N exchange does not appear to disrupt nuclear localization
of GLO2 proteins.

The Non-S-Locus Paralogues GLO1 and CYP734A51 Are Unlinked. Like
GLO2, the CYP734A50 gene representing the G locus also arose
by duplication from a non-S-locus paralogue. As described in the
Introduction, two models are conceivable for the chromosomal
assembly of the S-locus supergene, either via a segmental du-
plication followed by gene loss or by stepwise duplications (28).
These models differ in their predictions for the location of the
non-S-locus paralogues. While stepwise duplication would be
possible from paralogues located anywhere in the genome, the
segmental-duplication model predicts them to be close to each
other and thus genetically linked, at least unless the paralogues
were also involved in a chromosomal rearrangement after the
duplication.
In the absence of a highly contiguous reference genome as-

sembly for any Primula species, we used genetic mapping to test
the above prediction. No suitable sequence polymorphisms were
found for the CYP734A51 locus in our experimental P. forbesii
population, and we therefore used a P. veris population gener-
ated by crossing two distantly related S- and L-morph plants.
PCR-based molecular markers were established for both GLO1
and CYP734A51, and 127 F1 plants were genotyped for both loci
and phenotyped for the S locus (Fig. 4A). Consistent with pre-
vious mapping of the S locus in P. vulgaris (39), the GLO1 gene
was closely linked to the S locus, with a recombination frequency
of 2.36%. By contrast, the CYP734A51 locus was unlinked to
either (recombination frequency of 55.11%), indicating that it is
located very far from GLO1 and the S locus on the same chro-
mosome or on a different chromosome altogether (Fig. 4A). We
analyzed the location of putative GLO1 and CYP734A51
orthologs in high-quality genomes from the orders most closely
related to the Ericales, containing Primula, to determine whether
the absence of linkage between the two genes is likely to be
ancestral (SI Appendix, Table S2). This indicated that the puta-
tive orthologs of GLO1 and CYP734A51 are located on different

Fig. 3. GLO1 fulfills the ancestral function as a B-class floral-organ identity gene. (A and B) Phenotype of untreated S- (A) and L-morph (B) flowers. (C and D)
Phenotype of VIGS-GLO1–treated S- (C) and L-morph (D) flowers. Images were taken from above (Top) or from the side (Bottom) on dissected flowers. (Scale
bars, 1 mm.)
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chromosomes in tomato (Solanales), Mimulus guttatus (Lam-
iales), and the lettuce Lactuca sativa (Asterales), while in the
carrot genome (Daucus carota; Apiales) the GLO1 ortholog and
one of two putative CYP734A51 orthologs are located almost 5
Mb apart on the same chromosome. This analysis therefore ar-
gues that these genes were unlinked in the ancestral state. Thus,
the segmental duplication model would have to assume that a
structural rearrangement first brought GLO1 and CYP734A51
close together in an ancestor of Primula, and another one broke
up their linkage again after the segmental duplication. Against
this, the stepwise duplication model provides a more parsimonious
explanation.

Phylogenetic Analysis Indicates That CYP734A Duplicated before GLO.
Besides the genomic architecture, another corollary of the
segmental-duplication model is that all duplicated copies are of
the same age, whereas their ages could differ considerably in the
stepwise duplication model. In addition, dating the ages of the
duplications also has implications for models of trait evolution

regarding heterostyly. We therefore sought to date the duplica-
tions that gave rise to CYP734A50 and GLO2 relative to each
other. For this we identified and assembled CYP734A- andGLO-
like sequences from two additional Primula species (Primula
oreodoxa and Primula maximowiczii) and for the most closely
related species to the genus Primula for which whole-genome
sequences are available. These latter two species, Embelia ribes
and Embelia sessiliflora, are from the subfamily Myrsinoideae,
which is sister to the Primuloideae subfamily in the Primulaceae
(40); in addition, we identified the most closely related homol-
ogous sequences fromMaesa indica andMaesa japonica from the
more distantly related subfamily Maesoideae in the Primulaceae
and used these as outgroup sequences (Fig. 4C and Dataset S1;
note that while we identified two CYP734A51-like genes from
whole-genome sequencing data, we could only amplify one of
them by PCR from M. japonica).
One method for dating duplications is to compare the divergence

at synonymous sites (Ks) between paralogues (41). This indicated
that Ks was indeed higher for the pair CYP734A50/CYP734A51

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.5 1 1.5

K
s

va
lu

es
 G

LO

Ks values    CYP734A 

S-locus
Non-S locus
Within-species S vs non-S

A

B

D E

P
vG

LO
1

-S
N

P
P

vC
Y

P
1

-S
N

P
M

or
ph

(S
-lo

cu
s)

Individuals

M
ar

ke
rs

Genotypes

a

ab

o

Maesa indica (Min) 
Maesa japonica (Mja)

Embelia ribes (Eri)
Embelia sessiliflora (Ese)

Primula veris (Pve)

Primula forbesii (Pfo)
Primula maximowiczii (Pma)

Primula oreodoxa (Por)

C

P
rim

ul
oi

de
ae

M
yr

si
no

id
ea

e
M

ae
so

id
ea

e
Min_GLO1

Mja_GLO1

Pfo_GLO1

Por_GLO1

Pve_GLO1

Pma_GLO1

100

95

Eri_GLOy

Ese_GLOy

Pma_GLO2

Pve_GLO2

Pfo_GLO2

Por_GLO2100

100

100

100

Ese_GLOx

Eri_GLOx100

100

0.02

Min_CYPa

Mja_CYPb

Min_CYPb99

Ese_CYP734A51

Eri_CYP734A51

Pfo_CYP734A51

Por_CYP734A51

Pma_CYP734A51

Pve_CYP734A51

100

64

100

92

Pfo_CYP734A50

Por_CYP734A50

Pma_CYP734A50

Pve_CYP734A50

100

99

66

100

100

0.05

Fig. 4. CYP734A50 and GLO2 arose by stepwise duplications. (A) Analysis of linkage between CYP734A51 and GLO1 in a mapping population of P. veris.
Colors represent different genotypes as indicated. (B) Relationship of Ks values for comparisons of CYP734A-like sequences and GLO-like sequences for
different species pairs (red and orange) and for S-locus to non-S-locus paralogues within the four species P. veris, P. forbesii, P. oreodoxa, and P. maximowiczii.
The Ks values on which this plot is based can be found in Table 2. (C) Schematic phylogeny of the species used for the analyses in D and E based on refs. 17, 40,
and 67. The species abbreviations used in D and E are given in brackets. (D and E) Phylogenies of CYP734A-like (D) and GLO-like sequences (E). For the Primula
species, paralogues located at the S locus are indicated in cyan, while paralogues located outside of the S locus are shown in orange. Numbers on branches
indicate bootstrap support from 1,000 runs. Bootstrap values below 50% are not shown.
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than for theGLO1/GLO2 pair in all four Primula species (Table 2),
suggesting that the CYP734A duplication occurred before the GLO
duplication. However, one concern with this interpretation is that
the rate of mutation and thus Ks may differ between the loci in
question, for example related to differences in their gene-
expression pattern (42). To assess this possibility, we determined
Ks values for each pair of orthologs between all possible species
pairs among the four Primula species (Table 2) and between the
two Embelia and Maesa species (SI Appendix, Table S3). This
analysis found that CYP734A ortholog pairs show higher Ks values
than GLO ortholog pairs for each species comparison performed.
When plotting the Ks values of CYP734A ortholog pairs versus Ks
values of GLO ortholog pairs for all comparisons performed in
the genus Primula, a consistent linear relationship was observed
(Fig. 4B), suggesting that a higher rate of synonymous substitu-
tions in CYP734A than inGLO genes is a consistent feature in our
dataset and applies throughout the Primulaceae as a family.
The values for the S-locus versus non-S-locus paralogues
closely followed this trend (Fig. 4B) yet were all higher than the
between-species comparisons of orthologs. Thus, this analysis
supports the notion that the duplications giving rise to the S locus
occurred before the divergence of the different Primula species;
however, we also conclude that these Ks-value comparisons are
not suitable for relative dating of the CYP734A versus GLO
duplications.
As an alternative, we performed phylogenetic analysis of

CYP734A- and GLO-like sequences (Fig. 4 C–E). In the four
Primula species, this identified one clade containing the
paralogues located at the S locus (cyan in Fig. 4 D and E) and
one clade with the non-S-locus paralogues (orange in Fig. 4 D
and E) for both genes. This confirms that both genes duplicated
before the divergence of the four Primula species. We next
considered when these duplications occurred relative to the
evolutionary divergence of all of the species analyzed. For
CYP734A-like sequences, the phylogeny indicated with robust
statistical support that the duplication giving rise to CYP734A50
genes had occurred before the Primuloideae and Myrsinoideae
diverged (Fig. 4D). By contrast, for GLO-like sequences, the
branches leading to Primula GLO1, Primula GLO2, and the most

closely related Myrsinoideae GLO genes could not be resolved,
while the internal branches were similarly well-supported as for
the CYP734A phylogeny. This suggests that the duplication giv-
ing rise to the GLO paralogues only occurred around the time of
the divergence of Primuloideae and Myrsinoideae. Thus, these
phylogenies support the notion that the duplication giving rise to
CYP734A50 occurred before the one resulting in GLO2.

Discussion
The evolution and genetic control of heterostyly have fascinated
biologists for decades (6, 8, 28). Here, we have demonstrated
that the GLO2 gene represents the genetically defined A locus,
that GLO2 underwent neofunctionalization from a B-class
homoeotic-gene activity that is still fulfilled by the ancestral
GLO1 locus, and that the Primula S locus arose by stepwise
duplication, with CYP734A50 likely duplicating before GLO2.
How does GLO2 lead to elevated anthers? In GLO2-silenced

S-morph flowers in P. forbesii the reduced anther height was due
to shorter corolla cells beneath the anther insertion point. This
finding differs from the observation in P. vulgaris that the dif-
ference in anther insertion height between S- and L-morph re-
sults mostly from altered cell proliferation in the corolla tube
below the anthers (31), while in P. veris both increased cell
proliferation and cell elongation appear to underlie the higher
anther insertion in S-morph plants (32). It is thus possible that
the relative effect of GLO2 on cell proliferation versus elonga-
tion has shifted in the mentioned Primula species since their
evolutionary divergence around 20 Ma (43). In contrast to this
effect of GLO2 on the distribution of growth in the corolla, the
ancestral GLO1 paralogue has retained the function as a B-class
floral-organ identity gene. Given the similar expression pattern
of both genes, neofunctionalization of GLO2 has likely occurred
at the level of protein activity, either by changing its DNA-
binding specificity or its interactions with other proteins. All
available Primula GLO2 protein sequences differ in the MADS
DNA-binding domain and in the C-terminal PI-motif from all
GLO1 sequences in Primula and beyond. Whichever of these
differences causes the altered function of GLO2, it is likely that
the transcriptional output, that is, the set of regulated genes,

Table 2. Pairwise synonymous-site divergence of CYP734A and GLO genes

Ks values of pairwise synonymous-site divergence for the indicated comparisons are shown. Green shading indicates comparisons of S-locus and non-S-
locus paralogues within the four species. Red and yellow shading shows comparisons of S-locus genes (red) and non-S-locus genes (yellow) between
the species.
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differs between GLO1 and GLO2. Neofunctionalization of
MADS-domain proteins by changes in the C-terminal region
outside of the DNA-binding domain has been described before,
both at the level of evolution of the entire gene family (44) or in
individual, taxon-specific cases (45). Transcriptome studies,
ideally in a stableGLO2mutant, analysis of directly bound target
genes, and systematic investigation of interaction partners will be
required to understand this change at the molecular level.
The results of genetic mapping and comparisons with the most

closely related high-quality genome assemblies to Primula indi-
cate that the ancestral CYP734A and GLO paralogues were
unlinked and potentially located on different chromosomes.
Therefore, a model of stepwise duplication of CYP734A and
GLO genes provides the most parsimonious explanation for the
chromosomal assembly of the S locus. Such a stepwise duplica-
tion is also consistent with the results of our phylogenetic anal-
ysis. These suggest that the CYP734A locus duplicated before the
divergence between the Myrsinoideae and Primuloideae sub-
families and thus earlier than the GLO locus, for which the
duplication only seems to have occurred around this time.
Two models have been proposed to explain the evolutionary

build-up of heterostyly. While the Charlesworth and Charles-
worth (29) model suggests that self-incompatibility evolved be-
fore reciprocal herkogamy, the model by Lloyd and Webb (30)
proposes that reciprocal herkogamy arose first, possibly, but not
always followed by the evolution of self-incompatibility. Unfor-
tunately, we cannot discriminate between these two possibilities,
as the molecular control of self-incompatibility is largely un-
known. However, the above results have implications for the
likely sequence of morphological trait evolution. In this respect,
both models agree that style-length dimorphism should have
evolved before the anther-height polymorphism. It is now clear
that the genes controlling these two traits arose by duplications,
followed by neofunctionalization. Even though we do not know
and may never find out when the critical mutations leading to
neofunctionalization occurred in the duplicated copies, our re-
sults implying that CYP734A50 arose earlier than GLO2 are fully
consistent with the suggestion from both models that the stylar
polymorphism evolved first and anther height was only adjusted
later to provide for better reproductive-organ reciprocity be-
tween the two morphs (29, 30).
Supergenes underlie many complex polymorphisms in plants

and animals, including homomorphic self-incompatibility sys-
tems in plants, mimicry in Heliconius numata butterflies, be-
havioral morphs in white-throated sparrows, migratory behavior
in rainbow trout, and the social system in fire ants (11, 13, 14,
46–48). Central to the concept of a supergene is the notion that it
contains two or more individual genes controlling separate co-
adapted aspects of a complex phenotype (11, 46). Indeed, the
supergenes in the systems mentioned above, especially in the
animal cases, are often large and contain dozens to hundreds of
different genes. However, although plausible candidates have
been suggested, identifying which of them are responsible for
which aspects of the phenotype, and thus functionally confirming
the central notion that separate genes control distinct aspects of
the phenotype, has proven difficult (49, 50). An exception are the
homomorphic self-incompatibility loci in plants, where the
function of the male and female specificity genes are understood
in molecular detail (51). Against this background, our identifi-
cation of two separate genes that control style length and anther
height in distylous primroses provides a rare example of a
functionally validated supergene architecture underlying a
complex phenotype.
In conclusion, we have shown that the GLO2 gene representing

the A locus arose by duplication and neofunctionalization, with
the duplication likely occurring after an earlier duplication had
given rise to the CYP734A50 gene at the proto-S locus. To our
knowledge, this provides the most detailed insight yet into the

evolutionary steps leading to a supergene in plants. These findings
should also facilitate comparative studies into independently
evolved heterostyly supergenes in other plant lineages to deter-
mine whether such stepwise assembly is a common feature of
these systems.

Materials and Methods
Plant Material and Growth Conditions. The P. veris plants that were used for
the mapping experiment of GLO2 are from a seminatural population in the
Park Sanssouci, Potsdam (26). The F1 mapping population of P. veris that was
used for the linkage assay between GLO1 and CYP734A51 was generated by
crossing two distantly related S- and L-morph plants of P. veris raised from
seeds and cultivated at the Botanical Garden of the University of Zurich.
Seeds for the S- and L-morph plants were collected in a natural population in
the Thunersee-Region, BE, Switzerland and obtained from the Botanical
Garden Jardin Alpin, Meyrin, Switzerland (accession no. 20031402),
respectively.

P. forbesii plants were raised from seeds obtained from the Botanical
Garden at the University of Zurich (accession no. 20050032). Plants were
grown in a growth room at 18 °C, initially under short-day conditions (8 h
light, 16 h dark) to stimulate flowering, then under long-day conditions
(16 h light, 8 h dark).

Nicotiana benthamiana plants for transient expression of GLO1 and GLO2
proteins were raised from seeds obtained from the Bäurle laboratory at the
University of Potsdam. Plants were grown in the growth chamber at 21 °C
under long-day conditions (16 h light, 8 h dark).

Dried leaf material of M. japonica was obtained from the Botanical
Garden at the University of Bayreuth, Germany.

Genetic Mapping of GLO2. Genetic mapping of GLO2 in P. veris and P. forbesii
was done using PCR-based genotyping as described (26) Genomic DNA was
extracted from leaf material using the DNeasy Plant Mini Kit (Qiagen). PCR
reactions were performed using primers that bind specifically to the intron
region of GLO2 indicated in the SI Appendix, Table S4. PCR products were
run on agarose gels and visualized by ethidium bromide staining. The
presence or absence of GLO2 in different morphs tested was detected.

Linkage Assay of GLO1 and CYP734A51 in P. veris. The linkage between GLO1
and CYP734A51 was estimated using PCR-based genotyping. Single-
nucleotide polymorphisms (SNPs) on GLO1 and CYP734A51 between S-
and L-morphs were detected by sequencing the two parents of the F1 in-
dividuals using primers indicated in the SI Appendix, Table S4. dCAPs primers
for these SNPs were designed using dCAPS Finder 2.0 (52) and are indicated
in SI Appendix, Table S4. Genomic DNA from F1 individuals and parents was
extracted from leaf material using a modified cetyltrimethylammonium
bromide (CTAB) method (53). After PCR reactions, PCR products were
digested and separated on 2% agarose gels. Genotypes and phenotypes of
F1 individuals and parents were recorded and the linkage between GLO1,
CYP734A51, and the S locus were estimated by OneMap v. 2.1.3 (54) using a
maximum recombination fraction of 0.5, the Kosambi mapping function,
and arker types D2.15 and D2.18 for the SNPs and the S locus, respectively.

VIGS Assay. Plasmids for the VIGS assay were prepared as described (55). Due
to the highest nucleotide divergence, sequences at the 3′ end of GLO1 and
GLO2were amplified from complementary DNA using primers indicated in SI
Appendix, Table S4. Products were digested with EcoRI and BamHI and
inserted into pTRV2 vector to produce constructs pTRV2-GLO1 and pTRV2-
GLO2, respectively. These constructs were then introduced into Agro-
bacterium strain GV3101. The VIGS experiments were done as described (26).
Briefly, Agrobacterium cultures containing empty pTRV2, pTRV2-GLO1, or
pTRV2-GLO2 were mixed with an Agrobacterium culture containing pTRV1
at a 1:1 ratio. These mixtures were infiltrated into leaves of the five-leaf
stages of P. forbesii plants. Infiltrated plants were kept in the dark overnight
at 18 °C and then followed normal growing conditions until plants flowered.

Plant Phenotyping. For the cell length measurements, corolla tubes of fully
opened flowers of S- and L-morph and VIGS-GLO2–treated S-morph plants
were divided into two parts at the anther attachment site. Imprints from the
upper and lower parts were made by dried-gel method as described in (56).
Images of gel cast were taken under a differential phase contrast micro-
scope. The length of cells of upper and lower parts was measured manually
by ImageJ.

For themeasurements of the corollamouth diameter, fully opened flowers
of S- and L-morph and VIGS-GLO2–treated S-morph plants was photographed
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from the top using a SteREO Discovery V.12 microscope (Zeiss). The corolla
mouth diameter was measured manually by ImageJ. After taking the
images for corolla mouth measurements, flowers of different phenotypes
were dissected vertically into two parts and half of the flower was pho-
tographed on a black background. The length of the corolla tube and
position of the anther insertion point were measured manually by
ImageJ.

Pollen counting and pollen size measurements followed the procedures
described in ref. 57. At first, flower buds just before opening were collected
from S- and L-morph and VIGS-GLO2–treated S-morph plants. From these,
anthers were dissected and dried in an oven at 55 °C overnight. This step
stimulates the anthers to open. Thirty microliters of 5% Tween 80 was added
into the tubes and sonication was applied for 20 min in a water bath. For
each flower bud, 10 out of 30 μL was used to photograph on a hemocy-
tometer (Neubauer) and images were taken under the microscope. The
number of pollen grains was counted and the pollen size was measured by
ImageJ using the “Analyze Particles” function.

In order to check the self-incompatible behavior of VIGS-GLO2–treated
S-morph plants, reciprocal crosses with untreated S- and L-morph plants
were performed. Pollen grains from VIGS-GLO2–treated S-morph plants
were used to hand-pollinate stigmas of flowers of S- and L-morph plants. At
the same time, control reciprocal crosses between S- and L-morph plants
were done as well. The number of seeds developing from each cross was
then counted.

Gene Expression Analysis. To determine expression of GLO1 and GLO2 in S-
and L-morph and VIGS-GLO2–treated S-morph flowers, petals of recently
opened flowers of different phenotype plants were manually dissected and
immediately frozen in liquid nitrogen. Total RNA was extracted using
RNeasy Plant Mini Kit (Qiagen). Reverse transcription was performed using
oligo(dT) priming and SuperScript III (Invitrogen). qRT-PCR reactions using
TaqMan probes which bind specifically to GLO1 and GLO2 were performed
on a LightCycler LC480 (Roche). The Primula TUBULIN gene was used as a
reference. Primers and probes used for qRT-PCR reactions are indicated in SI
Appendix, Table S4.

The expression patterns of GLO1 and GLO2 in dissected flower organs
from P. veris were determined as described (26). Organs including sepals,
petals, stamens, style, and ovary from young flower buds were dissected and
total RNA was extracted using RNeasy Plant Mini Kit (Qiagen). Reverse
transcription was performed using oligo(dT) priming and SuperScript III
(Invitrogen). RT-PCR products were separated on agarose gels and visualized
by ethidium bromide staining. The Primula TUBULIN gene was used as a
reference. Primers for RT-PCR reactions are indicated in SI Appendix,
Table S4.

Transient Expression of GLO1 and GLO2 Proteins. For testing the subcellular
localization of GLO1 and GLO2 proteins, coding sequences ofGLO1 andGLO2
genes were cloned into binary 2-in-1 vectors (58) using Gateway technology
(Invitrogen). Primers are indicated in SI Appendix, Table S4. For detecting
protein localization, GLO1 was fused to mCherry and GLO2 was fused to
mGFP, respectively. The final construct carrying GLO1::mCherry and

GLO2::mGFP under the control of a 35S promoter each was introduced into
Agrobacterium GV3101 and the infiltration into tobacco N. benthamiana
plants was performed as described (58). The subcellular localization of GLO1
and GLO2 proteins was detected under a confocal microscope LSM
700 (Zeiss).

Phylogenetic Analysis and Synonymous Divergence Estimates. Genome se-
quences of Solanum lycopersicum, M. guttatus, D. carota, and L. sativa were
accessed via Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html).
Orthologs of CYP734A51 and GLO1 were identified via mutual best
BLAST matches.

Public DNA-seq and RNA-seq date were downloaded from ENA (https://
www.ebi.ac.uk/ena). Species names with identifiers leading to the data are
P. oreodoxa (PRJNA544868), P. maximowiczii (PRJNA437902), E. ribes
(PRJNA343414, PRJNA397122), E. sessiliflora (PRJNA438407), and M. indica
(PRJNA438407). Data were mapped against P. forbesii and P. veris
CYP734A50, CYP734A51, GLO1, and GLO2 coding sequence exons using bwa
mem (59) and further processed using samtools (60). Mappings were visu-
alized in IGV (61) to manually extract coding sequence exons for other
species. In cases where there were only partial mappings, those were used as
seed points for edge extension assembly. Raw fastq data were searched for
perfect matches to 20 to 30 bordering nucleotides to extend sequences. Fully
assembled exons were linked using RNA-seq reads, if data were available
and if the transcript was expressed there. Otherwise, whole introns were
assembled using the edge extension approach. Repetitive parts were re-
solved, if possible, using spanning reads or read pairs, if available. Pairwise
Ks values were calculated using KaKs_Calculator 2.0 (62) after multiple se-
quence alignment done with TranslatorX (63) in combination with
MUSCLE (64).

For M. japonica, DNA was extracted from dried leaf material using CTAB,
and CYP734A-like and GLO-like genomic loci were amplified by PCR and
Sanger-sequenced. Primers are indicated in SI Appendix, Table S4. Coding
sequence exons were defined by similarity to M. indica.

Sequences used to infer the phylogenetic trees in Fig. 4 are given in
Dataset S1. Only coding sequences were used for the phylogenetic analysis.
Phylogenetic trees were generated using RAxML, version 8.2.12 with the
GTRCAT model and 500 bootstrap runs (65). Visualizations were done using
SeaView version 4.0 (66).

Data Availability. M. japonica sequences generated in this work have been
deposited in GenBank with accession numbers MT799180 and MT799181. All
study data are included in the paper, SI Appendix, and Dataset S1.
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