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Abstract

Supergenes are nonrecombining genomic regions ensuring the coinheritance of multiple, coadapted genes. Despite the
importance of supergenes in adaptation, little is known on how they originate. A classic example of supergene is the S
locus controlling heterostyly, a floral heteromorphism occurring in 28 angiosperm families. In Primula, heterostyly is
characterized by the cooccurrence of two complementary, self-incompatible floral morphs and is controlled by five genes
clustered in the hemizygous, ca. 300-kb S locus. Here, we present the first chromosome-scale genome assembly of any
heterostylous species, that of Primula veris (cowslip). By leveraging the high contiguity of the P. veris assembly and
comparative genomic analyses, we demonstrated that the S-locus evolved via multiple, asynchronous gene duplications
and independent gene translocations. Furthermore, we discovered a new whole-genome duplication in Ericales that is
specific to the Primula lineage. We also propose a mechanism for the origin of S-locus hemizygosity via nonhomologous
recombination involving the newly discovered two pairs of CFB genes flanking the S locus. Finally, we detected only weak
signatures of degeneration in the S locus, as predicted for hemizygous supergenes. The present study provides a useful
resource for future research addressing key questions on the evolution of supergenes in general and the S locus in
particular: How do supergenes arise? What is the role of genome architecture in the evolution of complex adaptations? Is
the molecular architecture of heterostyly supergenes across angiosperms similar to that of Primula?

Key words: genome architecture, supergene, heterostyly, evolutionary genomics, chromosome-scale genome assem-
bly, primula.

Lamichhaney et al. 2016; Tuttle et al. 2016) and fungi (Sun
et al. 2017; Branco et al. 2018), vary in size, number of genes
and mechanism of recombination suppression (Gutiérrez-
Valencia et al. 2021). Although most supergenes are protected
from recombination by genomic inversions, other mecha-
nisms, such as hemizygosity, association with genomic regions
with restricted recombination (e.g, centromeres), enrichment
of small-scale structural variants and epigenetic modifications
are also known (Schwander et al. 2014; Gutiérrez-Valencia

Introduction

Understanding the genetic basis of adaptation and the mo-
lecular mechanisms underlying the emergence and mainte-
nance of adaptive polymorphisms is central to evolutionary
biology (Yeaman 2013; Purcell et al. 2014; Schwander et al.
2014; Llaurens et al. 2017). Complex adaptive polymorphisms
are characterized by the coexistence of different phenotypes
with contrasting trait combinations (Thompson and Jiggins

2014; Wellenreuther and Bernatchez 2018). The alternative
allelic arrangements controlling complex polymorphisms are
often maintained through the clustering of coadapted genes
in a nonrecombining region inherited as a single Mendelian
locus, termed supergene (Darlington and Mather 1949;
Thompson and Jiggins 2014). Supergenes, identified in most
eukaryotic lineages, including plants (Okada et al. 2017;
Kotani et al. 2014; Li et al. 2016), animals (Wang et al. 2013;

et al. 2021).

Despite the ubiquitous role of supergenes in adaptation,
knowledge of their evolutionary origins remains limited
(Schwander et al. 2014; Thompson and Jiggins 2014). Three
general models have been proposed to explain the origin of
supergenes (reviewed in Gutiérrez-Valencia et al. 2021): 1)
colocalized genes undergo mutations, thus forming a region
containing multiallelic polymorphisms that can increase in
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size via subsequent mutations in the two haplotypes with
antagonistic effects, which we term “colocalization first”
model (reviewed in Charlesworth 2016); 2) functionally inter-
acting but not colocalized genes are brought into physical
linkage via genomic rearrangements or transposition, which
we term “colocalization later” model (Turner 1967; Yeaman
2013); 3) a DNA segment already characterized by clustered,
coadapted genes is acquired via introgression from another
species and maintained as a polymorphism, which we term
“introgression” model (Jay et al. 2018).

One of the best-studied supergenes is the S locus control-
ling heterostyly, a complex floral polymorphism occurring in
at least 28 angiosperm families (Barrett 2019). Primula (prim-
rose) has served as the main model for heterostyly since
Darwin (Darwin 1877; Mast et al. 2006; Gilmartin 2015;
Kappel et al. 2017). In primroses, heterostylous species pro-
duce two types of flower differing in the reciprocal positions
of male and female sexual organs: L-morph (pin) flowers with
long style and low anthers, S-morph (thrum) flowers with
short style and high anthers (Darwin 1877; fig. 1A). In
Primula, this dimorphism is accompanied by differences in
the size of pollen grains and stigma papillae and associated
with a diallelic self-incompatibility system preventing self- and
intramorph-fertilization (Darwin 1877; Shivanna et al. 1981).
The adaptive advantage of heterostyly lies in promoting out-
crossing in two ways: 1) the reciprocal positioning of sexual
organs facilitates pollen transfer between flowers of different
morphs, thus reducing pollen wastage and favoring disassor-
tative mating; 2) self-incompatibility prevents self-fertilization,
protecting from inbreeding depression (Lloyd and Webb
1992; Barrett 2002; Keller et al. 2014; Barrett 2019).

In Primula vulgaris, the heterostyly supergene is a 278-kb
region comprising five genes that is hemizygous in S-morphs
and absent in L-morphs, hence recombination in this region is
suppressed via hemizygosity (Li et al. 2016 fig. 1B).
Hemizygosity of the S locus has been additionally confirmed
in the heterostylous P. veris, P. farinosa, and P. forbesii (Cocker
et al. 2018). Because of its hemizygosity, the S locus represents
a peculiar example of supergene, for in most other supergenes
recombination is prevented by inversions (Gutiérrez-Valencia
et al. 2021). Consequently, expectations regarding the evolu-
tionary origins of hemizygous supergenes differ from those
proposed for supergenes maintained by inversions. For in-
stance, gene duplications are expected to play a key role in
the origins of hemizygous supergenes, because they can cre-
ate at once both the genetic substrate for evolution to act in
order to produce phenotypic novelty, and presence—absence
polymorphism (Kappel et al. 2017; Li et al. 2020). Additionally,
hemizygosity can stem from either deletion or insertion and
the specific mechanism through which hemizygosity origi-
nates in supergenes remains unknown.

Two main models, both involving a key role for gene
duplications, have been proposed for the evolution of the
heterostyly supergene. One model posits that a large genomic
segment with the clustered precursors of the S-locus genes
was duplicated, allowing for the neofunctionalization of the
gene duplicates into S-locus genes, whereas intervening
regions were subsequently lost (segmental duplication model
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[Kappel et al. 2017]; fig. 1C). Alternatively, S-locus genes might
have arisen via multiple duplications and been independently
translocated to the same genomic region (stepwise duplica-
tion model [Huu et al. 2020]; fig. 1C). Indeed, a recent study
showed that two (CYP' and GLO") of the five S-locus genes
duplicated asynchronously and that their paralogs are not
physically linked, providing initial support for the latter model
(Huu et al. 2020; fig. 1C). However, because previous evidence
in favor of the stepwise duplication model was limited to two
of the five S-locus genes, a “hybrid” build-up of the S locus
involving one large segmental duplication and additional, in-
dependent gene duplications cannot be discarded until the
age of all S-locus genes and the genomic location of their
paralogs have been established. Both goals require a highly
contiguous genome assembly for a heterostylous species,
which was not available until the present study. Finally, the
possibility that S-locus genes originated via whole-genome
duplications (WGDs) has never been proposed, even though
the role of WGDs in the origin of phenotypic novelty has been
amply demonstrated, especially in plants (Panchy et al. 2016;
Ren et al. 2018).

Here, we present the chromosome-scale, haplotype-
phased genome assembly of the heterostylous Primula veris
(cowslip), which, combined with comparative genomic anal-
yses across angiosperms, enabled us to test whether: 1) any of
the S-locus gene paralogs colocalized and duplicated synchro-
nously; 2) S-locus gene duplications stemmed from WGDs; 3)
S-locus gene duplications preceded or cooccurred with the
origin of heterostyly; 4) S-locus genes showed signatures of
degeneration compared with their closest paralogs and to the
rest of the genome. Finally, we were able to propose the first
model for the origin of hemizygosity as a mechanism of re-
combination suppression in supergenes. This study generates
new knowledge on the evolutionary build-up of genomic
architectures underlying adaptive polymorphisms.

Results and Discussion

Genome Assembly and Annotation

We combined 51.5 Gb of nanopore data and 28.5 Gb of
lllumina data (corresponding to 114x and 63X coverage,
respectively, supplementary tables S14 and S15
Supplementary Material online) with the trio binning ap-
proach (Koren et al. 2018) to assemble the two haplotypes
of a P. veris S-morph (2n = 2x = 22 [Nowak et al. 2015]; hap-
loid genome size estimated by flow cytometry = 452 Mb, see
Materials and Methods). The two resulting draft assemblies
were polished with short and long reads and scaffolded using
long-range information obtained from chromatin conforma-
tion capture methods (i.e. Chicago and Hi-C libraries; supple-
mentary table S16, Supplementary Material online; Belton
et al. 2012; Putnam et al. 2016), followed by in silico gap-
closure with nanopore reads. Scaffolds representing contam-
inants, mitochondrial and plastid genomes were removed
and misassemblies manually corrected (supplementary figs.
S1-59, Supplementary Material online). The final maternal
haplotype assembly comprised 42137 Mb (N50=34.03
Mb), corresponding to 93.2% of the genome size estimated
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Fi. 1. Heterostyly in P. veris and models for the origin of the S locus. (A) Top: short-styled (S) and long-styled (L) morphs differ by having male
(anthers) and female (stigma) sexual organs reciprocally positioned in their flowers. Bottom: The S locus (red) is hemizygous in S-morphs (S
haplotype), absentin L-morphs (s haplotype); the location of CFB genes is indicated in yellow. (B) Structure of the S locus in the S-morph, with gene
orientations indicated by pointed ends. Top: dominant S haplotype containing five genes (red) and two copies of CFB in each flanking region
(yellow); bottom: recessive s haplotype with only two copies of CFB. Superscripts on genes stand for: T, thrum (S-morph); P, pin (L-morph); L, left; R,
right; 1, gene copy 1; 2, gene copy 2. (C) Two models for the origin of the S locus involving its four duplicated genes. Segmental duplication model
(top): the paralogs of S-locus genes were originally clustered (1), then duplicated as a single segment and inserted into a different genomic region,
here called pre-S-locus region (blue) (2), forming a proto-S-locus (yellow) (3); intervening genes were then lost and recombination suppressed,
forming the S locus (4). Stepwise duplication model (bottom): the paralogs of S-locus genes were originally unlinked (1), duplicated asynchro-
nously and independently inserted into the pre-S-locus (blue) (2), forming the proto-S-locus (3; different colors indicate that the paralogs derived
from different genomic locations); recombination among these genes was then suppressed, forming the S locus (4).

via flow cytometry, and the paternal haplotype comprised in each chromosome (fig. 2A) likely represent pericentromeric
419.58 Mb (N50 = 34.35 Mb), corresponding to 92.8% of the regions, as often found in plant genomes (supplementary fig.
estimated genome size. Each haplotype assembly contained S12, Supplementary Material online; Kejnovsky et al. 2012).
11 chromosome-sized scaffolds, matching the actual number Altogether, these results imply that the 11 largest scaffolds of
of P. veris haploid chromosomes. In the maternal haplotype, each assembly correspond to the 11 chromosomes of P. veris.
these scaffolds ranged from 31.81 to 48.64 Mb and comprised
397.14 Mb, corresponding to 94.3% of the assembly length; in Inter-Haplotype Comparison
the paternal assembly, the 11 largest scaffolds comprised The identification of within-species structural genomic rear-
399.46 Mb, corresponding to 952% of the assembly length. rangements has long been precluded by the scarcity of highly
The high quality of both genome assemblies was confirmed contiguous genome assemblies (Goel et al. 2019; Jiao and
by BUSCO (91.9% complete genes; Manni et al. 2021) and k- Schneeberger 2020; Mérot et al. 2020). The chromosome-
mer analysis (Mapleson et al. 2017) (table 1 and supplemen- scale assembly of both haplotypes enabled us to investigate
tary tables S1-S4 and figs. S10 and S11, Supplementary structural variability in P. veris. We compared the two haploid
Material online). assemblies and identified 267 inversions (totaling 18.1 Mb),
Using a combination of ab initio, evidence-based and com- 2,830 translocations (15.5 Mb), and 16,925 duplications (49.5
parative gene-prediction approaches, we identified 34,581 Mb) that cumulatively comprised 83.2 Mb, corresponding to
and 34,009 protein-coding genes in the maternal and paternal 20.9% of the assembled genome (fig. 2B and supplementary
haplotypes, respectively. Transposable elements (TEs) com- tables S6 and S7, Supplementary Material online). These rear-
prised 46.07% and 46.10% (193.97 and 19325 Mb) of the rangements ranged in size from a few base pairs to several
maternal and paternal haplotype assemblies, respectively megabase-pairs: all rearrangements >500 kb were inversions,
(supplementary table S5, Supplementary Material online). with the longest spanning 449 Mb on chromosome 4
The majority of annotated TEs belonged to class |, with (fig. 2B). Visual inspection of the detected large structural
long terminal repeat (LTR) retrotransposons being the variants using Chicago and Hi-C read mapping demonstrated
most abundant TE order, covering ~27% of both assemblies. that they are not the product of assembly errors (supplemen-

Regions with high LTR density and low gene density identified tary fig. S13, Supplementary Material online). Among the
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Table 1. Statistics for the Primula veris Genome Assembly and Gene Annotation.

Maternal Haplotype

Paternal Haplotype

Assembly size 421.38 Mb 419.58 Mb
% of the genome size 93.2% 92.8%
Cumulative length of the 11 largest scaffolds 397.14 Mb 399.47 Mb
% of the assembly in the 11 largest scaffolds 94.25% 95.21%
Number of scaffolds 648 640
Scaffold N50 34.03 Mb 34.35 Mb
BUSCO complete genes—genome mode 91.90% 92.30%
Number of genes 34,581 34,009
A WL B Maternal haplotype Syntenic Translocation
[ Paternal haplotype Inversion I Duplication
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Fic. 2. Overview of the P. veris genome and comparison between haplotypes. (A) Circle plot of the P. veris genome assembly (maternal haplotype).
Tracks from outside to inside correspond to: (1) the 11 chromosome-scale scaffolds, with the putative centromeric and putative pericentromeric
regions shown in gray; position of the S locus is marked by a black arrow in chromosome 1; (I1) gene density (blue); (1Il) LTR retrotransposons (red);
(IV) DNA transposons (green). Tracks Il, Ill, and IV are calculated in 100-kb nonoverlapping windows. (B) Structural rearrangements are
represented by colored lines (orange for inversions, green for translocations, blue for duplications) connecting regions of the maternal and
paternal chromosomes (blue and red horizontal lines, respectively); syntenic regions are connected by gray lines.

observed structural variants is the ca. 280 kb hemizygous S-
locus supergene.

The large structural variants detected between the two
P. veris haplotypes are equally or more abundant than those
previously identified in five other model species (Goel et al.
2019; Jiao and Schneeberger 2020; supplementary table S6,
Supplementary Material online). However, it is not possible to
disentangle whether this result stems from the high diver-
gence between the two haplotypes of the P. veris individual
used for the present study or from a more general, highly
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dynamic nature of Primula genomes, for example, mediated
by elevated TE activity.

Position, Structure, and Flanking Genes of the S Locus
We identified the P. veris S locus as a 260-kb genomic region
present only in the maternal haplotype (inherited from the S-
morph parent), confirming its hemizygosity in S-morphs
(Nowak et al. 2015; Huu et al. 2016; Li et al. 2016). The
heterostyly supergene is located within the putative pericen-
tromeric region of chromosome 1 (27.43-27.70 Mb; arrow in
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fig. 2A), consistent with cytogenetic observations in the
closely related P. vulgaris (Li et al. 2015). The P. veris S locus
contains the same five genes in the same order as those of
P. vulgaris (Li et al. 2016): CCM" encodes a protein with a
conserved cysteine motif in the C-terminal domain with un-
known function; GLO" (GLOBOSA2) is a B-class floral home-
otic gene that determines higher anthers in S-morphs; CYP'
(CYP734A50) encodes a cytochrome P450 and determines
shorter styles in S-morphs; PUM" encodes a Pumilio-like
RNA-binding protein; KFB' encodes a Kelch domain-
containing F-box protein (Huu et al. 2016, 2020; Li et al.
2016). Genes of the dominant S and recessive s haplotypes
are designated by the superscripts T and P for thrum (i.e, S-
morph) and pin (ie, L-morph), respectively (fig. 1B).
Although the functions of GLO" and CYP™ mentioned above
have been experimentally demonstrated (Huu et al. 2016,
2020), the potential roles of CCM', PUM, and KFB' in het-
erostyly remain unknown.

Previous studies in P. vulgaris suggested that the S locus
was flanked by one copy of a Cyclin-like F box gene at each
side (CFB™, CFB™®), whereas the s haplotype contained a sin-
gle CFB copy (CFBP) (Li et al. 2016; Cocker et al. 2018). Our
results revealed that the S haplotype of P. veris contains four
CFB copies, two at each side of the S locus (here named
CFB™', CFB™ and CFB™’, CFB™?), whereas the s haplotype
contains only two CFB copies (CFB”" and CFB™ fig. 1B). All
CFB copies have the same orientation. We showed that the
difference in CFB copy number between P. veris and P. vulgaris
stems from both incomplete assembly and erroneous gene
annotation of the P. vulgaris genome (Li et al. 2016; Cocker
et al. 2018; supplementary figs. S14 and S15, Supplementary
Material online).

Whole-Genome Duplication in Primula

WGDs are known to play a fundamental role in the evolution
of novel functions in angiosperms, including floral structures
(Panchy et al. 2016; Ren et al. 2018). Primula belongs to the
order Ericales, in which several WGDs have been identified,
including a WGD (named Ad-J3) at the root of Ericales (Shi
et al. 2010; Larson et al. 2020). A more recent WGD within
Primulaceae was tentatively suggested by a study based on
transcriptomic data, although no conclusive evidence was
provided (Larson et al. 2020; fig. 3A). Although previous stud-
ies in Primula identified paralogs for three (CCM', GLO', and
CYP") out of five S-locus genes (Li et al. 2016; Kappel et al.
2017; Huu et al. 2020), the hypothesis that these duplicates
might stem from WGD has never been investigated. To test it,
we used the newly generated P. veris genome assembly and
comparative genomic analyses.

First, we performed an intragenomic synteny analysis, reveal-
ing that a substantial portion of the P. veris genome is dupli-
cated, with 12,942 (37.4% of the total gene number), 544 (1.6%),
and 10 (<0.1%) genes showing one, two or three paralogs,
respectively (fig. 3B). Thus, 39.0% of the genes in the P. veris
genome are present in two or more copies, similarly to other
Ericales known to have experienced both the Ad-f§ and more
recent WGDs (Larson et al. 2020; Wang et al. 2020; supplemen-
tary fig. S16, Supplementary Material online). Furthermore,

1,561 paralogous gene pairs occurred in 134 collinear genomic
blocks ranging from 5 to 70 genes (fig. 3C), further corroborating
the hypothesis of a WGD more recent than Ad-f.

To estimate the number and approximate timing of WGDs
in the evolutionary history of Primula, we calculated the num-
ber of synonymous substitutions per synonymous site (Ks) for
paralogous gene pairs contained in syntenic blocks of the
P. veris genome and plotted their distribution (fig. 3D). We
identified four statistically significant Ks peaks (supplementary
fig. S17, Supplementary Material online) but discarded one of
them (at Ks = 3.66; SD = 0.20) as an artifact (Tiley et al. 2018;
see Materials and Methods). We assigned the remaining three
peaks to three putative WGDs: the oldest at Ks = 2.24
(SD = 0.63), corresponding to previously reported Ks values
for the v triplication shared by all eudicots (Qiao et al. 2019);
the second at Ks = 1.25 (SD = 0.30), compatible with the Ad-
B WGD at the root of Ericales (Shi et al. 2010; Larson et al.
2020); the third at Ks = 0.87 (SD = 0.17), representing a WGD
more recent than Ad-f (fig. 3A). To test whether the detected
WGD at Kg = 0.87 is shared between P. veris and other
Ericales, we identified collinear blocks between the P. veris
genome and five other highly contiguous genomes of
Ericales (Actinidia chinensis, Camellia sinensis, Diospyros olei-
fera, Rhododendron delavayi, and Vaccinium corymbosum),
and calculated Ks between orthologous syntenic gene pairs.
The resulting Ks plots imply that the peak at Ks = 0.87 is more
recent than the split between P. veris and the Ericales species
listed above (figz 3D and supplementary fig. S18,
Supplementary Material online). We further tested this result
by mapping the number of gene duplications inferred from
the gene trees of 20,770 orthogroups onto the species tree of
13 angiosperm species with high-quality genome assemblies
(see Materials and Methods for details), including P. veris and
P. vulgaris and five additional Ericales (supplementary fig. S19,
Supplementary Material online). The highest numbers of gene
duplications were located at the following nodes, from oldest
to most recent: the base of angiosperms (1,055: ¢ WGD in
fig. 3A), the base of eudicots (951; y triplication in fig. 3A),
between Vaccinium corymbosum and Rhododendron delavayi
(1,238) and between P. veris and P. vulgaris (3,763), suggesting
a WGD at each of these four nodes.

Taken together, the results of self-syntenic, Ks, and phylo-
genetic analyses support a WGD, here named Pv-o (fig. 3A),
likely corresponding to a previously hypothesized, but
undemonstrated Primulaceae-specific WGD (Larson et al.
2020). Using a neutral substitution rate of 6.15 x 10~ (95%
Cl=560 x 107 °-6.62 x 10°) substitutions per synony-
mous site per year between paralogous gene pairs (see
Materials and Methods), Pv-o; was dated at 70.57 Ma (95%
Cl=6551-7751 Ma), significantly predating the origin of
heterostyly in Primula, previously estimated at 15-35 Ma
(de Vos et al. 2014).

The S Locus Originated via Stepwise Duplications

Leveraging the high contiguity of the P. veris genome assem-
bly, we tested the previously proposed segmental versus step-
wise duplication models for the origin of the heterostyly
supergene. If the supergene originated via segmental
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the respective Ks values (in blue and yellow, respectively).

duplication, all S-locus genes should have the same age and
their paralogs should colocalize elsewhere in the genome.
Conversely, if the supergene originated via stepwise duplica-
tions, S-locus genes should have different ages and their paral-
ogs should be scattered throughout the genomes of P. veris
and other Ericales species (fig. 1C). Additionally, we investi-
gated whether the S-locus genes originated via any of the
WGDs detected above.

We first searched for paralogs of S-locus genes in the
P. veris genome. We identified CYP734A51, GLO1, and
CCM1 as the phylogenetically closest paralogs of S-locus
CYP', GLO", and CCM', respectively, confirming previous

6

results in P. vulgaris and P. veris (Huu et al. 2016; Li et al.
2016; Burrows and McCubbin 2017). Differently from previ-
ous studies, we discovered two rather than just one KFB'
paralogs and named them KFB1 and KFB2, with KFB1 having
the highest similarity to KFB”. As in previous studies (Li et al.
2016), no close paralog was identified for PUM’.

We then estimated the relative duplication ages of the four
duplicated S-locus genes by first assuming substitution rate
constancy, then by relaxing this assumption, as described
below. We calculated Ks between S-locus genes and their
paralogs in the maternal haplotype of the P. veris plant
used for genome assembly and in the genomes of ten
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additional S-morph individuals of P. veris from different geo-
graphic regions (supplementary fig. S20, Supplementary
Material online). The inferred Ks distributions for the four
gene pairs did not overlap with each other, with mean values
of 2.47 for KFB1/KFB', 1.29 for CYP734A51/CYP', 0.75 for
GLO1/GLO", and 0.15 for CCM1/CCM” (fig. 4A and table 2).
Assuming synonymous substitution rate constancy, these
results support the hypothesis that S-locus genes originated
via multiple, asynchronous duplications involving KFBT first,
CYP734A51 second, GLOT third, and CCM last. However, the
assumption of substitution rate constancy is often violated,
leading to potentially erroneous age estimates, especially
when using K values between only four paralogous gene pairs
(Tiley et al. 2018; Huu et al. 2020), as opposed to using Ks
values inferred from thousands of gene pairs, as we did for
dating WGD events (see above). Therefore, we also employed
molecular dating analyses that account for substitution-rate
variation to phylogenetically estimate the duplication ages of
S-locus genes by generating calibrated gene trees for all
orthogroups containing the four duplicated S-locus genes
(supplementary figs. S21-S24, Supplementary Material on-
line). The mean duplication ages thus inferred were: 104.0
Ma for KFB1/KFB', 42.7 Ma for CYP734A51/CYP’, 37.4 Ma
for GLO1/GLO" (compatible with previous reports; Li et al.

2016), and 10.3 Ma for CCM1/CCM’ (table 2), confirming the
asynchronous origins of S-locus genes in the same chrono-
logical sequence inferred by assuming rate constancy (see
above).

To further compare the segmental versus stepwise hy-
potheses for the origin of the heterostyly supergene, we tested
whether the paralogs of the S-locus genes colocalize or not.
We found that the paralogs are scattered throughout the
P. veris genome, with GLOT on chromosome 1 (649 Mb
away from the CFB™ gene flanking the S locus in the
P. veris genome assembly, confirming its proximity to the S
locus documented in P. vulgaris; Li et al. 2016, 2015),
CYP734A51 on chromosome 2, KFBT on chromosome 4,
and CCMT1 on chromosome 10 (fig. 4B). Because these results
do not exclude the possibility that the paralogs of the S-locus
genes were initially linked when a segmental duplication oc-
curred, but were subsequently separated via genomic rear-
rangements, we additionally tested whether they colocalized
in the genomes of nonheterostylous Ericales. We discovered
that paralogs of the S-locus genes are located on different
chromosomes also in the highly contiguous genome assem-
blies of A. chinensis, C. sinensis, D. oleifera, and V. corymbosum
(fig. 4B and supplementary fig. S25, Supplementary Material
online). Taken together, the evidence presented here
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Table 2. Duplication Ages Estimated for S-Locus Genes.

Synonymous Substitutions per Synonymous Site (Ks)

Phylogenetically Inferred Duplication Age (Ma)

Mean Standard deviation Mean 95% HPD
KFBT/KFBT 2.47 0.115 104.0 91.0-116.9
CYP734A51/CYPT 1.29 0.024 42.7 30.4-56.9
GLO1/GLO" 0.75 0.013 37.4 26.9-49.2
CCM1/CCMT 0.15 0.006 10.3 4.34-16.94

Note.—Ma, million years ago; HPD, highest posterior density.

conclusively supports the stepwise duplication model for the
origin of the S locus, with S-locus genes originating via asyn-
chronous duplications and likely being clustered via indepen-
dent translocations.

We then tested whether any S-locus gene duplicated via
WGD by comparing their duplication ages with the ages of
the Pv-o and Ad-f WGDs. We found that CYP", GLO', and
CCM" originated via duplication significantly after Pv-o. WGD
(dated at 65.51-77.51 Ma). Conversely, the duplication age of
KFB" overlaps with Ad-f§ WGD at the root of Ericales (~110
Ma [Rose et al. 2018]; fig. 3A), thus KFB" is the only S-locus
gene that might have originated via WGD. We also note that
CYP, GLO", and CCM" must have acquired their new func-
tion in controlling heterostyly soon after they duplicated, for
their duplication ages (10.3-42.7 Ma) overlap with the age
inferred for the emergence of heterostyly in Primulaceae (15—
35 Ma [de Vos et al. 2014]). This age overlap is consistent with
the prediction that duplicate genes should neofunctionalize
soon after duplication, lest they quickly pseudogenize (Lynch
and Conery 2000).

The inferred stepwise origin of the S locus implies that all
duplicated S-locus genes were translocated independently to
the same region, which we term pre-S-locus region (fig. 1C).
We thus tested whether the only nonduplicated S-locus gene
(PUMT") and the CFB genes flanking the S locus were originally
present in the pre-S-locus region by performing pairwise syn-
teny analyses between the genomes of P. veris and five Ericales
species. The regions flanking the S locus were collinear within
Ericales and contained a copy of the CFB gene in C. sinensis,
R. delavayi, and V. corymbosum (fig. 4C and supplementary
fig. 526, Supplementary Material online), whereas PUM" was
absent. Therefore, the heterostyly supergene formed via trans-
locations of the five S-locus genes to the pre-S-locus region,
which already included one copy of CFB.

Our results suggest a scenario by which the S-locus genes
originated via duplication at different times, then clustered
together via independent translocations, likely after acquiring
a novel function connected with the control of heterostyly.
Thus, the S locus appears to fit the “colocalization later” gen-
eral model for the origin of supergenes presented above,
according to which separate, but functionally interacting
genes get physically linked via genomic rearrangement or
transposition (Turner 1967; Yeaman 2013).

Origin of S-Locus Hemizygosity
A key feature of the S locus in Primula is hemizygosity,
ensuring the inheritance of the heterostyly genes as a single
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Mendelian locus. A hemizygous region originates via either
insertion or deletion. The stepwise origin of the S locus
makes it unlikely that each of its five genes independently
maintained a hemizygous state since their duplication and
insertion in the pre-S-locus region. Thus, it is more likely
that the S locus was initially present in both haplotypes and
became hemizygous following its deletion in one haplotype.
The presence of a repeated region (containing two CFB
copies) at each side of the S locus favors the latter hypoth-
esis, as it could have provided the substrate for a nonho-
mologous recombination that caused the deletion of the
intervening region (i.e, the S locus) from one of the hap-
lotypes (fig. 5C). Specifically, a recombination breakpoint
between CFB"""/CFB™" and CFB™"*/CFB™ would result in
the two internal CFB copies (CFB'? and CFB™') being
unique to the S haplotype and the two external CFB copies
of the S haplotype (CFB™' and CFB'??) being homologous
to the CFB copies of the s haplotype (CFB”' and CFB™?). In
this event, we would expect CFB™" and CFB'®? to be most
closely related to CFB”" and CFB™, respectively.

We tested this hypothesis by estimating molecular diver-
gence via Ks and phylogenetic relationships of the six CFB
copies, four from the S haplotype, and two from the s hap-
lotype (fig. 5A and B and supplementary figs. S27 and S28,
Supplementary Material online). The results show that the
two internal CFB copies (CFB' and CFB™®") are indeed
unique to the S haplotype, whereas the two external copies
(CFB™" and CFB™?) are homologous to those present in the
s haplotype (CFB"" and CFB"?). Moreover, the topology of
the CFB gene tree implies that the ancestral single-copy CFB
gene underwent first a tandem duplication resulting in two
CFB copies (e.g, CFB™" and CFB™?) that were then segmen-
tally duplicated forming the second CFB pair (e.g, CFB™"'
and CFB™®; fig. 5C). Our analyses also located the nonho-
mologous recombination breakpoint within CFB™'/CFB™,
close to their 5’ end (supplementary fig. S29, Supplementary
Material online).

We then tested whether S-locus hemizygosity evolved
once concomitantly with or repeatedly after the origin of
the supergene. Given the mechanistic model for S-locus hem-
izygosity proposed above (fig. 5C), a nonhomologous recom-
bination producing hemizygosity could occur only after the
second CFB duplication, that is, hemizygosity in P. veris should
be more recent than 2.28-4.28 Ma (fig. 5B). This time interval
overlaps with the previously inferred age (0.80-3.74 Ma) of
the clade containing P. veris and P. vulgaris (de Vos et al.
2014), but postdates the divergence between P. veris and
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the two other heterostylous Primula species known to have a
hemizygous S locus (P. farinosa and P. forbesii; Cocker et al.
2018), dated at 12.22-18.26 and 21.16-29.59 Ma, respectively
(de Vos et al. 2014). The time intervals above imply that
hemizygosity evolved independently multiple times after
the emergence of the heterostyly phenotype in Primula
(15-35 Ma; de Vos et al. 2014), likely following an initial
diallelic stage for the S locus. However, the possibility that
homologous recombination between CFB genes of the S and s
haplotypes and/or gene conversion between CFB"" and CFB'®
copies homogenized the left and right CFB pairs in the S
haplotype cannot be dismissed. The resulting lower sequence
divergence between left and right CFB pairs of the S haplotype
could cause the underestimation of the age of the second
duplication event, implying that hemizygosity might not have
originated multiple times independently after the origin of
the heterostyly supergene. Whole-genome sequencing data
across Primula would help to resolve whether S-locus hemi-
zygosity evolved once concomitantly with the origin of the
supergene or multiple times after its origin.

Selection on S-Locus Genes
Contrasting processes shape the evolution of supergenes. For
example, suppression of recombination (Cutter and Payseur

2013; Corbett-Detig et al. 2015; Becher et al. 2020) and re-
duced effective population size caused by hemizygosity
(Gossmann et al. 2011) should decrease selection efficiency
on the S locus. Consequently, the S locus should accumulate
slightly deleterious mutations at a higher rate than the rest of
the genome, ultimately leading to genetic degeneration
(Charlesworth and Charlesworth 2000). Conversely, hemi-
zygosity makes every mutation at the S locus effectively dom-
inant, increasing the efficacy of selection within the S locus,
potentially slowing down degeneration. Indeed, a recent
study based on forward simulations concluded that, contrary
to genes located in supergenes maintained by inversions,
genes in hemizygous supergenes should exhibit only weak
or no signs of degeneration (Gutiérrez-Valencia et al. 2021).

To test whether S-locus genes accumulate slightly delete-
rious mutations at an accelerated rate, dy/ds (nonsynony-
mous substitutions per nonsynonymous site to synonymous
substitutions per synonymous site) was calculated between
P. veris and P. vulgaris for all S-locus genes and between three
additional Primula species for CYP™ and GLO" (P. forbesii,
P. maximowiczii, P. oreodoxa; table 3 and supplementary ta-
ble S8, Supplementary Material online) and compared with
the dy/ds values obtained for the respective paralogs. The
obtained values were also compared with empirical dy/ds
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null distributions calculated between P. veris and P. vulgaris
by randomly sampling P. veris genes with average expression
levels matching those of S-locus genes from either the puta-
tive pericentromeric regions or the entire genome (see sup-
plementary methods, Supplementary Material online for
details). Knowing that dy/ds analyses may be misleading
when genetic divergence between species is low, we also
used a more sensitive approach by testing for accelerated
evolution on S-locus genes using the clade model of the
CodeML program in PAML (Yang 2007).

All S-locus genes were characterized by d\/ds values com-
parable with those of genes in putative pericentromeric
regions (supplementary fig. S30, Supplementary Material on-
line) and in the entire genome (supplementary fig. S31,
Supplementary Material online), suggesting that selection
does not appreciably differ between S-locus genes and the
rest of the genome. Additionally, we compared d\/ds values
for S-locus genes with those of their respective paralogs. The
S-locus genes CYP” and GLO' showed significantly or margin-
ally significantly higher dy/ds values than their respective
paralogs, CYP734A51 and GLOT1 (table 3 and supplementary
table S9 and fig. $32, Supplementary Material online). This
result was confirmed by the more sensitive clade-model ap-
proach of CodeML, implying an accelerated d\/ds for the
clades including CYP™ and GLO" compared with the clades
including their paralogs (likelihood-ratio test P < 0.05; supple-
mentary fig. S33 and table S10, Supplementary Material on-
line). Conversely, KFB" and CCM" showed lower pairwise dy/
ds than their paralogs (KFBT and CCMT; table 3 and supple-
mentary table S9, Supplementary Material online), although
significance of these results could not be tested due to insuf-
ficient number of comparisons. Finally, no significant differ-
ences in substitution rates were detected between the KFB'
and KFB1 clades on CodeML, nor between the CCM" and
CCM1 clades (likelihood-ratio test P=0.76 and P = 0.13, re-
spectively; supplementary fig. S33 and table S10,
Supplementary Material online). To sum up, CYP" and
GLO" appear to accumulate mutations slightly faster than
their paralogs, whereas results are inconclusive for KFBT
and CCM'.

To clarify whether the elevated dy/ds ratios inferred for
CYP" and GLO" versus their paralogs were indicative of pos-
itive or relaxed selection, we sequenced ten S-morphs of

Table 3. Selection on S-Locus Genes and Their Paralogs.

P. veris to generate polymorphism data and perform
McDonald-Kreitman tests (McDonald and Kreitman 1991)
using P. vulgaris as an outgroup. We found insufficient within-
population variation to obtain statistically significant results
for the McDonald-Kreitman test (supplementary table S11,
Supplementary Material online). Nevertheless, the low
within-population variation of CYP™ and GLO" supports the
conclusion that these two S-locus genes exhibit only weak or
no signs of degeneration, in line with the prediction that
hemizygosity should increase efficacy of selection on the S-
locus. Altogether, our results imply that S-locus genes do not
evolve significantly differently from the rest of the genome,
thus corroborating Gutiérrez-Valencia et al. (2021)'s predic-
tion that hemizygosity should slow down the S-locus degen-
eration that would be expected given suppression of
recombination in this region.

Conclusions

We assembled the first chromosome-scale, haplotype-phased
genome of any heterostylous species by combining short- and
long-read sequencing data under the trio binning approach
(Koren et al. 2018) with Chicago and Hi-C scaffolding (fig. 2
and table 1). The high quality of the P. veris haploid assem-
blies, in combination with comparative analyses of high qual-
ity genomes from other Ericales, allowed us to test whether
the segmental or stepwise duplication models best describe
the build-up of the S locus (Kappel et al. 2017; Huu et al. 2020;
fig. 1). For the first time, we determined that all paralogs of the
four duplicated S-locus genes are unlinked in Primula and
other Ericales, refuting the segmental duplication model
(fig. 4B). Furthermore, we proved that the S-locus genes du-
plicated asynchronously, confirming the stepwise duplication
model (fig. 4A and table 2). Using comparative genomic anal-
yses we also revealed that none of the five S-locus genes
stemmed from the recent WGD at the base of Primula (Pv-
o; fig. 3A and table 2), and that only the oldest S-locus gene
(KFBT) might have duplicated through the older WGD shared
by all Ericales (Ad-f3: 91.0-116.9 Ma).

Finally, we propose the first mechanistic model for the
origin of hemizygosity in any supergene with the four CFB
copies flanking the S locus serving as substrates for the non-
homologous recombination causing S-locus deletion from
one haplotype (fig. 5B). The resulting S-locus hemizygosity,

n N Substitutions (=SD) S Substitutions (=SD) dy/ds (=SD) dy/ds P Value
cypr” 10 126.69 *+ 61.34 130.01 * 62.71 0.27 = 0.07 0.064
CYP734A51 10 82.98 = 39.73 133.13 + 59.03 0.18 = 0.05
GLo"™ 10 18.54 +9.32 35.56 + 18.36 0.16 * 0.06 0.014
GLO1 10 14.01 = 7.05 32.81 + 14.04 0.10 + 0.03
cem’ 1 2.95 4.05 0.337 NA
ccm1 1 25.18 13.82 0.711
KFBT 1 1.80 7.20 0.079 NA
KFB1 1 9.91 10.09 0.349
puMm” 1 16.92 8.08 0.848 NA

Note.—n, number of pairwise comparisons (when 1, only P. veris and P. vulgaris; when 10: all pairwise combinations of P. forbesii, P. maximowiczii, P. oreodoxa, P. veris, P. vulgaris);
S, synonymous; N, nonsynonymous; SD, standard deviation; d, nucleotide substitutions; P values of Wilcoxon matched-pairs signed-rank tests (which do not assume
independence between samples) between the dy/ds distribution of each S-locus gene and its respective paralog; NA, not available; T, S-locus genes.
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whereas ensuring the coinheritance of the genes controlling
heterostyly, could either increase or decrease the efficacy of
selection on the S locus, depending on the strength of con-
trasting evolutionary processes. Altogether, our results sug-
gest that hemizygosity might effectively counteract the
tendency to degeneration potentially caused by suppression
of recombination in supergenes. This conclusion is in line with
the results of previous simulation analyses showing that de-
generation in hemizygous supergenes is weaker than in super-
genes where recombination is suppressed via inversions
(Gutiérrez-Valencia et al. 2021; table 3).

This is the first study that elucidates the key stages in the
build-up of the heterostyly supergene. Thus, it provides a
useful resource for future research addressing key questions
on the evolution of supergenes in general and the S locus in
particular: What is the role of genome architecture in the
evolution of complex adaptations? How common is hemi-
zygosity as a mechanism for suppression of recombination in
supergenes? Is the genetic composition and molecular archi-
tecture of heterostyly supergenes across angiosperms similar
to that of Primula or not?

Materials and Methods

Plant Material

The individual for the genome assembly was obtained by
crossing a short-styled P. veris ssp. veris (accession: T2DB3;
female parent) raised from seeds collected in a natural pop-
ulation in the lake Thun region (Switzerland) with a long-
styled P. veris ssp. columnae (accession: XX-0-Z-20031402;
male parent) which was raised from seeds received by the
Botanical Garden Jardin Alpin, Meyrin, Switzerland (ex. BG
Miinchen, Germany). From the F1 population obtained by
crossing T2DB3 and P20031402, a short-styled individual
(T78) was selected for creating the reference genome. T78
leaf tissue was used for: nanopore sequencing, lllumina se-
quencing, Chicago, and Hi-C libraries preparation. Ten addi-
tional S-morph P. veris individuals coming from ten
geographical regions were grown from seeds (supplementary
fig. S20, Supplementary Material online). The plant material
used for RNA-seq experiments is described in supplementary
methods, Supplementary Material online. Details on the ori-
gins of all the samples used for DNA and RNA sequencing can
be found in supplementary tables S12 and S13,
Supplementary Material online, respectively.

Genome Size Estimation

The size of the P. veris genome was estimated by flow cytom-
etry. A long-styled and a short-styled P. veris plants (acces-
sions GR-0-JENA-7758020 and HU-0-Z-20100271,
respectively) were measured. We followed a previously pub-
lished protocol (Temsch et al. 2010), with slight modifications.
Briefly, fresh leaf material of each sample was cochopped with
a reference (Solanum pseudocapsicum 2C = 2.59 pg; Dolezel
et al. 1992, 1998; Temsch et al. 2010) in Otto | buffer, the
suspension filtrated, mixed with Otto Il buffer, digested with
RNase, and stained with propidium iodide in the dark at 4 °C
for 1-24 h. At least 10,000 nuclei were analyzed on a Cyflow

Space (Sysmex-Partec) flow cytometer. Only nuclei peaks
with coefficients of variation below 2% were analyzed.

DNA Isolation, Sequencing, and Genome Assembly
DNA isolation and sequencing are described in supplemen-
tary methods, Supplementary Material online. To generate a
haplotype-phased genome assembly, we ran the TrioCanu
module of the Canu v.1.8 assembler (Koren et al. 2018,
2017) using nanopore reads from T78 and lllumina reads
from the two parents. In brief, k-mers specific to each parent
were identified in the maternal and paternal Illlumina data
sets and were then used to sort the nanopore reads from T78
into the maternal and paternal haplotypes. Then, the mater-
nal and paternal nanopore data sets were assembled sepa-
rately, resulting in two haploid assemblies. An overview of the
assembly strategy is schematized in supplementary fig. S1,
Supplementary Material online. Further details on genome
assembly can be found in supplementary methods,
Supplementary Material online.

Repetitive Element Annotation

To identify and classify repetitive elements, we used both de
novo and homology-based approaches, generating two re-
peat annotations, one used to mask the genome assembly
for the gene annotation (RepeatModeler annotation), and
one used to generate the repeats annotation (GTF) files
(EDTA annotation). For the RepeatModeler annotation, the
repetitive DNA sequences were identified by running
RepeatModeler v1.0.11 (http://www.repeatmasker.org last
accessed February 14, 2022) with default parameters and
the resulting repeat library was merged with the RepBase
(Kapitonov and Jurka 2008) plant library, generating a
concatenated library. Finally, RepeatMasker v4.0.9 (http://
www.repeatmasker.org; last accessed February 14, 2022) was
run with default parameters using the concatenated repeats
library to annotate the assemblies. For the EDTA annotation,
a second repeat library was built for the maternal haplotype
assembly using EDTA v1.9.4 (Ou et al. 2019), combining struc-
ture- and homology-based approaches for de novo TE iden-
tification. Structural discovery of TEs was achieved using
LTRharvest (Ellinghaus et al. 2008) and LTR_retriever (Ou
and Jiang 2018) for LTR-RTs, TIR-Learner (Su et al. 2019) for
TIR transposons, and Helitronscanner (Xiong et al. 2014) for
helitrons. Other repetitive elements were identified using
RepeatModeler v2.0.1 (Flynn et al. 2020). A filtered nonredun-
dant de novo TE library was produced by concatenating the
structurally intact and fragmented elements and were further
classified by searching for conserved protein domains using
TEsorter v.1.2.5 (Zhang et al. 2019). Finally, we used the library
to annotate the reference assembly using RepeatMasker
v4.0.9 with RM-BLAST as search engine.

RNA Isolation, Sequencing, and Transcriptome
Assembly

RNA was isolated in triplicate from six tissues (root, leaf, in-
florescence stem, flower, early-germinating seed, and seedling)
and in duplicate for one tissue (floral bud), for a total of 20
samples, using the Spectrum Plant Total RNA Kit (Sigma-
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Aldrich). Twenty RNA-seq libraries were prepared using the
TruSeq Stranded mRNA kit (lllumina). Sequencing was per-
formed at the Functional Genomic Center Zurich on one lane
of lllumina HiSeq 4000 (paired-end 2 x 150 bp) for nine sam-
ples, and on an lllumina Novaseq 6000 (paired-end
2 x 150bp) for the remaining 11 samples (supplementary
table S18, Supplementary Material online). A de novo tran-
scriptome assembly was generated using Trinity v2.8.4
(Grabherr et al. 2011) using all the 20 RNA-seq samples to-
gether, specifying the use of paired and stranded RNA-seq
data (-SS_lib_type RF) and with the following trimming
parameters: “ILLUMINACLIP : 2:30:10 SLIDINGWINDOW :
4:5 LEADING : 5 TRAILING : 5 MINLEN : 25.”

Gene Annotation

The gene annotation was performed using a combination of
ab initio and homology-based methods. RNA-seq libraries
were mapped to the soft-masked P. veris genome assemblies
using HISAT2 v2.1.0 (Kim et al. 2015) and a first round of
BRAKER2 v2.1.4 (Hoff et al. 2019) was run with the raw RNA-
seq data to train the gene prediction software GeneMark
v4.46 (Borodovsky and Lomsadze 2011) and AUGUSTUS
v3.3.2 (Stanke et al. 2006). Then we aligned the P. veris tran-
scriptome against the genome assemblies using GMAP
v2019-09-12 (Wu and Watanabe 2005) and converted the
alignment file (originally in .psl format) into a hints file with
AUGUSTUS script blat2hints.pl. We also aligned the pro-
teomes of the 17 angiosperm species listed in supplementary
table S19, Supplementary Material online against the P. veris
genome assemblies using GenomeThreader v1.7.1 (Gremme
et al. 2005). The GFF files generated by each alignment were
sorted, merged together, and converted into two hints files
with AUGUSTUS script align2hint.pl. These two hints files
(transcriptome and proteome alignments) were used, to-
gether with hints files containing information on introns
and exons (generated in the first BRAKER round) and repet-
itive elements (generated by converting the .out file output
by RepeatMasker), to run BRAKER2 v2.1.4 in ETP-mode (sec-
ond BRAKER round). Finally, the gene models included in the
S locus were manually curated (see supplementary methods,
Supplementary Material online).

BUSCO v4.0.6 (Manni et al. 2021) was run on the coding
sequences of P. veris (maternal and paternal haploid assem-
blies), Antirrhinum majus, Arabidopsis thaliana, C. sinensis,
and D. oleifera, using the 2,326 single-copy orthologs from
the eudicot database (odb v10) to assess the completeness
of gene annotations. We also assessed the percentage of each
gene model covered by RNA-seq data, by running the ERE
and AnnotationEvidence tools of GeMoMa v1.6.2 (Keilwagen
et al. 2016, 2018; supplementary tables S21 and S22,
Supplementary Material online).

Synteny Analyses and WGD ldentification

MCScan (Tang et al. 2008) (https://github.com/tanghaibao/
jevi/wiki/MCscan-(Python-version); last accessed February 14,
2022; —min_size =5) was used to identify syntenic regions
within the maternal haplotype and between the maternal
haplotype and other FEricales. For the Ks plots, the
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Comparative Genomics Platform (CoGe) SynMap (Lyons
et al. 2008; Lyons and Freeling 2008; Haug-Baltzell et al.
2017) was used to identify syntenic regions and to calculate
Ks between collinear gene pairs. Statistically significant peaks
representing WGDs were identified in the Ks distribution of
P. veris using R scripts (https://github.com/gtiley/Ks_plots;
last accessed February 14, 2022; Tiley et al. 2018) which fitted
a mixture of 1-5 normal distributions to the Ks histogram.
We discarded the detected peak at Ks = 3.66 (SD = 0.20) as
the method used is prone to overestimate the number of
WGDs for Ks values >3.0 (Tiley et al. 2018).

Estimating a Neutral Substitution Rate for P. veris

To obtain an absolute age for the Pv-o. WGD, we estimated a
neutral substitution rate for P. veris. We calibrated our sub-
stitution rate estimate using the divergence between P. veris
and the other non-Primula Ericales species included in our
study (A. chinensis, C. sinensis, D. oleifera, R. delavayi, and V.
corymbosum), which we estimated to be located at Ks = 1.2
(supplementary fig. S18, Supplementary Material online).
Previous studies reported a crown age of 97.6 Ma (95%
Cl=90.6-107.2 Ma; Foster et al. 2017; Rose et al. 2018) for
Ericales. We used this divergence time to calculate a 95% Cl
for the neutral substitution rate with the formula r = Kg/2t
(where r is the neutral substitution rate and t is the diver-
gence time expressed in years), and obtained a neutral sub-
stitution rate of 615x 107 (95% Cl=5.60x 10 -
6.62 X 10°) substitutions per synonymous site per year.
We note that our estimate for the neutral substitution rate
is similar to previously reported values for vascular plants
(Lynch and Conery 2000).

Orthologous Gene Sets Identification and
Phylogenetic Analyses

We identified orthologous gene sets by analyzing the pro-
teomes of the 13 angiosperm species listed in supplementary
table S23, Supplementary Material online using OrthoFinder
v2.3.11 (Emms and Kelly 2015, 2019). These species were se-
lected as having highly contiguous, well-annotated genome
assemblies and/or based on their phylogenetic proximity to
P. veris; of these species, only the P. obconica proteome was
derived from a transcriptome assembly, whereas the pro-
teomes of all the other species were obtained from genome
assemblies. A list of all orthogroups is presented in supple-
mentary table S24, Supplementary Material online. The phy-
logeny presented in figure 3A was generated by OrthoFinder
using STAG (Emms and Kelly 2018): a species tree was in-
ferred from each of the 6,347 orthogroups containing all 13
species; then a greedy consensus tree was created from all the
6,347 species trees inferred from single orthogroups. The
STAG support values consist of the fractions of orthogroup
trees supporting each bipartition. The consensus species tree
was rooted with STRIDE (Emms and Kelly 2017). The phylo-
genetic analyses performed to build S-locus gene trees are
described in the supplementary methods, Supplementary
Material online.
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Population Genetic Analyses

To generate variant files for ten S-morph P. veris individuals
resequenced with Illumina short reads, we used the
Genome Analysis Toolkit (GATK) v4.1.2.0 (McKenna
et al. 2010), following the best practices recommendations
(Van der Auwera et al. 2013). Reads were aligned against
the maternal haplotype assembly using BWA-MEM v0.7.17
(Li 2013) with default parameters. The alignment was val-
idated and checked for PCR duplicates using PICARD
v2.18.4 (http://broadinstitute.github.io/picard; last
accessed February 14, 2022). Then GATK HaplotypeCaller
(-standard-min-confidence-threshold-for-calling 30; —min-
base-quality-score 20; -ERC GVCF), GenotypeGVCFs (-in-
clude-non-variant-sites true), and SelectVariants (-select-
type SNP; -select-type NO_VARIATION) were used
to create a VCF file which included only SNPs and
invariant sites. We applied a hard filter on the VCF file
(GATK VariantFiltration; QD < 2.0; FS > 60.0; MQ <
40.0; HaplotypeScore > 13.0, MQRankSum < -12.5;
ReadPosRankSum < -8.0) and excluded the filtered sites.
For each sample, an alternative reference was generated by
incorporating the variants into the maternal haplotype us-
ing the GATK FastaAlternateReferenceMaker. In the alter-
native assemblies, the sites which did not pass the hard
filter were hard masked; this way, only sites called with
high confidence were included in each assembly.

Evolution of S-Locus Genes

The coding sequences of all S-locus genes and their paralogs
were extracted from the ten S-morph alternative P. veris as-
semblies using BEDtools fastaFromBed v2.28.0 (Quinlan and
Hall 2010). ParaAT v2.0 (Zhang et al. 2012) was used to align
paralogous gene pairs with MUSCLE v3.8.31 (Edgar 2004) and
to calculate K, and Kg between them with KaKs_Calculator
v2.0 (Wang et al. 2010) with default parameters (-c 1, stan-
dard genetic code; -m MA [Model Averaging on a set of
candidate models], through which parameters across several
models of nucleotide substitution are averaged in order to
reduce biases arising from model selection). ParaAT was also
used to calculate dy/ds for the S-locus genes and their paral-
ogs. Sequences of the S-locus genes and their paralogs were
retrieved from published studies (Li et al. 2016; Huu et al.
2020): for CYP', CYP734A51, GLO', and GLO1, we down-
loaded sequences from P. forbesii, P. maximowiczii,
P. oreodoxa, P. veris, and P. vulgaris, whereas for the remaining
S-locus genes and their closest paralogs, only P. veris and
P. vulgaris sequences were available (supplementary table
S8, Supplementary Material online).

For the McDonald-Kreitman test (MKT), sequences of S-
locus genes and their paralogs obtained from ten S-morph
individuals were obtained as described in the previous para-
graph. The MKT was carried out on DnaSp v6.12.03 (Rozas
et al. 2017) using P. vulgaris sequences as outgroup.

To search for accelerated dy/ds in S-locus genes compared
with their paralogs, we used the clade model of EasyCodeML
(Gao et al. 2019), a wrapper of CodeML (PAML; Yang 2007).
The model C (CmC), which estimates a separate dy/ds for
each clade, was compared against the null model 2a_rel

(M2a_rel), which assumes a fixed dy/ds among clades. A
likelihood-ratio test was performed between the two models.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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