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Summary

� Evolutionary transitions from outcrossing to selfing in flowering plants have convergent

morphological and genomic signatures and can involve parallel evolution within related

lineages. Adaptive evolution of morphological traits is often assumed to evolve faster than

nonadaptive features of the genomic selfing syndrome.
� We investigated phenotypic and genomic changes associated with transitions from distyly

to homostyly in the Primula oreodoxa complex. We determined whether the transition to self-

ing occurred more than once and investigated stages in the evolution of morphological and

genomic selfing syndromes using 22 floral traits and both nuclear and plastid genomic data

from 25 populations.
� Two independent transitions were detected representing an earlier and a more recently

derived selfing lineage. The older lineage exhibited classic features of the morphological and

genomic selfing syndrome. Although features of both selfing syndromes were less developed

in the younger selfing lineage, they exhibited parallel development with the older selfing line-

age. This finding contrasts with the prediction that some genomic changes should lag behind

adaptive changes to morphological traits.
� Our findings highlight the value of comparative studies on the timing and extent of transi-

tions from outcrossing to selfing between related lineages for investigating the tempo of mor-

phological and molecular evolution.

Introduction

In flowering plants, evolutionary transitions from outcrossing to
predominant selfing are associated with a set of predictable
changes in both morphological traits and genetic features of the
genome. These convergent and parallel changes have been termed
the ‘morphological selfing syndrome’ and the ‘genomic selfing
syndrome’, respectively (Sicard & Lenhard, 2011; Cutter, 2019;
Tsuchimatsu & Fujii, 2022; Zhang et al., 2022). Species with
moderate-to-high selfing rates often exhibit smaller flowers, a loss
of herkogamy (stigma-anther separation), reduced pollen produc-
tion and pollinator rewards (e.g. scent and nectar) compared with
related outcrossing species and populations (Lloyd, 1965; Mor-
gan & Barrett, 1989; Ritland & Ritland, 1989; Liao et al., 2022;
Zeng et al., 2022). Concomitantly, persistent selfing usually
results in changes in genetic parameters, including reduced het-
erozygosity and nucleotide diversity, increased linkage

disequilibrium, accumulation of deleterious mutations and
changes in gene expression (Charlesworth & Wright, 2001;
Wright et al., 2008; Gl�emin & Galtier, 2012; Barrett et al.,
2014; Shimizu & Tsuchimatsu, 2015; Zhang et al., 2022). The
evolution of morphological and genomic syndromes accompany-
ing the transition from outcrossing to selfing can involve both
adaptive and nonadaptive processes (Cutter, 2019; Rifkin
et al., 2019; Liao et al., 2022; Tsuchimatsu & Fujii, 2022; Zhang
et al., 2022). However, determining the relative contributions of
positive selection vs genetic drift underpinning morphological
and genetic changes accompanying the evolution of selfing syn-
dromes remains a challenge.

In animal-pollinated species, morphological features of the
selfing syndrome have often been interpreted as resulting from
the phenotypic collapse of floral traits that previously functioned
to attract pollinators and promote cross-pollination (Sicard &
Lenhard, 2011; Kalisz et al., 2012; Fornoni et al., 2015). Shifts
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to selfing should facilitate resource reallocation for fitness optimi-
zation, often over relatively short timescales (Foxe et al., 2009;
Guo et al., 2009). Such relatively rapid morphological change
implies that floral modifications have probably be driven by posi-
tive selection (Tsuchimatsu et al., 2020), particularly as simula-
tion models indicate that phenotypic changes under relaxed
selection alone would take a much longer time and thus maybe
unlikely (Gl�emin & Ronfort, 2013).

The genomic characteristics associated with shifts to selfing are
often considered a maladaptive outcome leading to an evolution-
ary dead-end and extinction (Stebbins, 1957; Takebayashi &
Morrell, 2001; Igic & Busch, 2013; Wright et al., 2013; Barrett
et al., 2014). Population genetics theory indicates that in selfers,
smaller effective population sizes (Ne) and stronger effects of
linked selection (i.e. background selection and genetic hitchhik-
ing) can result in the elevated accumulation of deleterious muta-
tions causing ‘mutational meltdown’ in selfing genomes (Gl�emin
& Galtier, 2012). Signatures of this process include high pN : pS
ratios, high dN : dS ratios, and a low proportion of adaptive sub-
stitutions (a) (Slotte et al., 2013; Arunkumar et al., 2015; Chen
et al., 2017; Wang et al., 2021). However, the effects of predomi-
nant selfing on the genome can often appear subtle and less easily
detected than changes in morphological traits (Gl�emin & Gal-
tier, 2012; Cutter, 2019). Indeed, some aspects of genomic decay
(e.g. number of deleterious mutations per individual) resulting
from relaxed selection and genetic drift are expected to involve
much longer timescales compared with trait changes associated
with the morphological selfing syndrome. However, the erosion
of nucleotide diversity (p) and changes in heterozygosity are also
likely to be more rapid.

Lack of empirical evidence for the genomic selfing syndrome
in some lineages has often been attributed to the recent origin of
selfing because of insufficient time for molecular signatures to be
detected (Wright et al., 2008; Escobar et al., 2010; Ness
et al., 2012; Slotte et al., 2013; Gl�emin & Muyle, 2014). Deter-
mining whether particular components of the genomic selfing
syndrome evolve more slowly than that of morphological traits
may be difficult because molecular polymorphism and divergence
in recently originated selfers may be partly a remnant of their
outcrossing ancestry. Comparative analysis of outcrossers and
independently derived selfers of contrasting age should provide
insights into the relative tempo of morphological and genomic
selfing syndrome evolution.

A classic paradigm for studying transitions from outcrossing to
selfing is the evolutionary breakdown of the sexual polymorphism
heterostyly to homostyly (reviewed in Barrett, 2019, see Fig. 1).
Populations with this mating polymorphism most commonly
consist of two (distyly) floral morphs that differ reciprocally in
stigma and anther position and usually possess heteromorphic
self-incompatibility, which limits self- and intra-morph mating
(Darwin, 1877; Ganders, 1979; Barrett, 1992). Homostylous
individuals are self-compatible and possess stigmas and anthers
positioned close to one another within a flower causing autono-
mous self-pollination and moderate-to-high selfing rates (Piper
et al., 1984; Ganders et al., 1985; Yuan et al., 2023). Most mat-
ing system transitions in angiosperms evolve gradually, via the

loss of self-incompatibility and herkogamy, but in distylous
groups, selfing homostyles can arise rapidly through an abrupt
rearrangement of sexual organs caused by mutation of genes in
the S-locus linkage group governing the heterostylous syndrome
(reviewed in Kappel et al., 2017).

Primula (Primulaceae) is the most intensively studied hetero-
stylous taxon with the vast majority (92%) of c. 400–500 species
distylous and the remainder homostylous (Richards, 2003; de
Vos et al., 2014). Phylogenetic analyses and ancestral state recon-
structions indicate numerous independent transitions from dis-
tyly to homostyly, with half of the 38 sections containing
homostylous taxa (Mast et al., 2006; de Vos et al., 2014; Zhong
et al., 2019). Moreover, intraspecific studies provide compelling
evidence that homostyles are derived from distylous morphs
(Crosby, 1949; Charlesworth & Charlesworth, 1979; Yuan
et al., 2017; Zhou et al., 2017; Shao et al., 2019; Zhang
et al., 2021). Our earlier studies of floral traits and molecular evo-
lution among diverse Primula species provided evidence for the
evolution of morphological (Zhong et al., 2019) and genome-
wide selfing syndromes (Wang et al., 2021). Here, we extend this
work by focusing on the P. oreodoxa complex to investigate time-
dependent parallel stages in the development of morphological
and genomic syndromes. This complex is comprised of two sister
species: P. oreodoxa containing distylous and homostylous popu-
lations and P. dumicola which is exclusively homostylous (Yuan
et al., 2017; Zhong et al., 2019).

Our study addressed the following specific questions: (1) Is
there evidence for independent origins of homostyly in the P.
oreodoxa complex? And if so, are homostylous lineages likely to
be of different age? Specifically, we evaluate the hypothesis that
the exclusively homostylous P. dumicola (hereafter ‘older homo-
styles’) was derived from a distylous common ancestor earlier
than homostyles of P. oreodoxa (hereafter ‘younger homostyles’).
(2) Have both transitions to homostyly resulted in elevated self-
ing rates compared with distylous ancestors, with older homo-
styles exhibiting the highest selfing rates. (3) Are these mating-
system transitions accompanied by the evolution of morphologi-
cal and genomic selfing syndromes and, if so, are they at different
stages of development in the putatively older vs younger homo-
styles.

Materials and Methods

Study system

Members of the Primula oreodoxa complex (Primula subg.
Auganthus sect. Obconicolisteri; Richards, 2003) are herbaceous
showy-flowered perennials restricted in distribution to Yunnan
and Sichuan Provinces, China (98 to 104°E, 24 to 31°N; Fig. 1).
Populations grow along streams and edges of woodlands between
1090 and 3030 m and flower in March–April with fruiting in late
May to June. Populations are insect-pollinated, particularly those
that are distylous, and visited by bees, flies, and butterflies. Plants
are fully self-compatible and the distylous polymorphism is con-
trolled by a single Mendelian S-locus with the S-morph domi-
nant to the L-morph, as occurs in most distylous species (Yuan
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et al., 2019). Detailed studies of the floral biology, pollinators,
and mating systems of distylous and homostylous populations
are described in Yuan et al. (2017, 2023).

Population sampling, genotyping, and sequencing

We surveyed 13 populations of P. oreodoxa Franch. including
four distylous populations, three distylous–homostylous popula-
tions (homostyles < 5% in frequency), six homostylous popula-
tions, and 12 homostylous populations of P. dumicola W. W.
Sm. & Forrest (Supporting Information Table S1). In each
population, we collected leaf tissue from 12 to 32 plants, and this
was preserved in either silica gel or liquid nitrogen for subsequent
DNA and RNA-seq analysis.

To investigate the phylogeography of the complex, we used 35
samples (1–3 plants per population) to obtain chloroplast gen-
ome assemblies and 378 samples (10–29 plants per population)
for nuclear simple sequence repeat (SSR) genotyping. Total geno-
mic DNA was extracted from dried leaf tissue using a modified
cetyl trimethyl ammonium (CTAB) method (Doyle, 1991). The
purified DNA was sheared into c. 600 bp fragments to construct
a paired-end (PE) library according to the preparation procedures

(Illumina, San Diego, CA, USA). We then generated the PE
reads (300 bp) using a HiSeq X-Ten sequencer (Illumina). We
genotyped 16 microsatellite loci (Table S2) from 378 individuals
to assess genetic diversity and population structure of the com-
plex following Zhong et al. (2019) and Yuan et al. (2018).

We isolated total RNA from 63 samples (2–3 individuals from
each population) using an RNAprep Pure Plant Kit (Tiangen
Biotechnologies Corporation, Beijing, China). We prepared the
cDNA library for transcriptome sequencing using a cDNA
Synthesis Kit (Illumina). The cDNA libraries were then
sequenced on the Illumina HiSeq 4000 platform (Illumina) to
obtain PE reads (29 150 bp) of each cDNA. Preprocessing of
molecular data for evolutionary analysis is detailed in Methods
S1, including the plastome assembly and annotation and SNPs
calling from RNA-seq data.

Lineage inference using chloroplast genome data

Phylogenetic inference of haplotypes Using the annotations of
chloroplast genomes described in Methods S1, whole plastomes
were aligned with MAFFT v.7.487 (Katoh & Standley, 2013),
and then haplotypes were retrieved using the grogram DNASP
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Fig. 1 Geographic distribution of the 25 populations of the Primula oreodoxa complex investigated in the study. Each population is distinguished by a letter
code and the overall distribution of the three lineages are the color-shaded areas. The squares are sampled populations, with green squares representing
homostylous P. dumicola populations (older selfing lineage), and the orange and blue squares representing distylous and homostylous P. oreodoxa popula-
tions (outcrossing lineage and younger selfing lineage), respectively. The colored circles represent the distribution of chloroplast haplotypes within each
population. The individual-based NJ tree illustrates the genetic relationships among 378 samples, based on Nei’s (1987) unbiased genetic distance calcu-
lated from simple sequence repeat (SSR) genotype data.
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v.6.0 (Rozas et al., 2017). We investigated phylogenetic relation-
ships among haplotypes using maximum likelihood (ML) and
Bayesian inference (BI) methods, with P. densa, P. obconica, and
P. effusa as outgroups. We used the program MODELTEST-NG
v.0.1.6 (Darriba et al., 2020) with the Akaike Information Criter-
ion (AIC) to determine the most suitable base substitution
model. We performed ML analysis under the program RAxML
v.8.2.12 (Stamatakis, 2014) with 1000 pseudoreplicates of rapid
bootstrap, and used MRBAYES v.3.2.7 (Ronquist & Huelsen-
beck, 2003) to infer the optimal tree topology and calculate the
posterior probability for the dataset.

Lineage inferences using nuclear genome data

Lineage inference from SSR genotype data To obtain evidence
for the hypothesis of independent origins of selfing lineages and
to determine relationships among lineages, we investigated pat-
terns of differentiation among surveyed populations with differ-
ent floral morph structures by the following methods. First, we
constructed a consensus neighbor-joining (NJ) tree based on
Nei’s (1987) unbiased genetic distance matrix with random input
order of 1000 bootstraps in PHYLIP v.3.63 (Felsenstein, 2005).
Then, we calculated a Euclidean distance matrix of all samples
and created a visual representation of genetic relationships among
samples using principal coordinate analysis (PCA) in the program
GENALEX v.6.501 (Peakall & Smouse, 2006). Finally, we
inferred the genetic structure of populations in INSTRUCT 1.0
(Gao et al., 2007), which uses a model similar to Structure
(Pritchard et al., 2000), but incorporates inbreeding. A total of
20 independent simulations were run for each K (2–15), which
contained 59 105 burn-in steps followed by 59 105 MCMC
steps. The optimal K value was determined according to the pro-
gram CLUMPAK 1.0 (Kopelman et al., 2015).

Lineage inference from SNP data We also performed a Baye-
sian clustering analysis and PCA based on SNPs retrieved from
the RNA-seq data. For these analyses, we retained 4-fold synon-
ymous SNPs with minor allele frequencies (MAF) < 0.05
removed. We used FASTSTRUCTURE (Raj et al., 2014) to inves-
tigate population structure, with the five independent replicates
for each number of clusters (K ) being set from 2 to 15. The script
chooseK.py was used to determine the optimal K value. Based on
the same dataset, we performed a PCA by PLINK v.1.90 (Purcell
et al., 2007) and constructed a ML tree by using RAxML
v.8.2.12 (Stamatakis, 2014) with P. obconica (SRAID:
SRR866502) and P. forbesii (SRAID: SRR3355030) as out-
groups.

Tests of lineage differentiation history by ABC modeling -
Based on our inferences on lineage clustering described pre-
viously, we identified three lineages: the distylous lineage of P.
oreodoxa (D-Po), the homostylous lineage of P. oreodoxa (H-Po),
and the homostylous lineage of P. dumicola (H-Pd). Four alterna-
tive models of population history were summarized (Fig. S1) and
simulated under an approximate Bayesian computation (ABC)
procedure (Beaumont et al., 2002) using the program DIYABC

v.2.1.0 (Cornuet et al., 2008). We repeated 49 105 simulations
to obtain a reference table for each model. To compare the pos-
teriori probabilities of the four models, we selected the 19 105

(20%) simulated datasets for logistic regression and calculated
the posteriori probability and 95% confidence intervals (CI).
After choosing the best model, we estimated parameter posterior
distributions by using 19 105 (20%) simulated datasets.

Selfing rates

We estimated population-level selfing rates using the program
RMES (David et al., 2007) under two different scenarios: two-
locus heterozygosity disequilibrium (g2, correlation selfing rate s
(g2)), and the maximum log-likelihood of multiple heterozygotes
(s(ML)). We conducted 19 104 iterations of randomly reassort-
ing single-locus heterozygosity among individuals, with a maxi-
mum of 15 generations of selfing and a precision of 19 10�5

log-likelihood in each case.

Quantifying the genomic selfing syndrome

Nucleotide diversity and polymorphism To assess variation in
genetic diversity among the three lineages, we estimated popula-
tion statistics of pairwise nucleotide diversity (p), Watterson’s
theta (hW), and Tajima’s D for both synonymous and nonsynon-
ymous sites. We then conducted an MK test (McDonald &
Kreitman, 1991) to determine whether the ratio of nonsynon-
ymous to synonymous polymorphisms (PN : PS) of each lineage
was differentiated from the ratio of nonsynonymous to synon-
ymous divergence (DN :DS) of the outgroup species (P. densa
and P. obconica for chloroplast and nuclear genomes, respec-
tively). We summarized the MK results using the NI index
defined as (PN :DN)/(PS :DS) (Rand & Kann, 1996). All analyses
were separately conducted for the datasets of both coding
sequences (CDS) of nuclear genes and chloroplast genes.

Mutation loads and selection efficacy To compare the genetic
load of the three lineages, we annotated and classified the effects
of nonsynonymous and synonymous SNP variants on protein
coding sequences using the program SIFT 4G (Vaser
et al., 2016). Nonsynonymous SNPs were subsequently classified
as either deleterious (score ≤ 0.05) or tolerated (score > 0.05)
based on the SIFT score. We then assessed the proportion of
recessive (dNhomo/dS ) and additive (dNhete/dS ) genetic loads by
using the weighted amount of homozygous and heterozygous
deleterious mutations with the number of synonymous variants
(dS ), respectively.

To quantify variation of selection efficacy among lineages, we
inferred the distribution of fitness effects (DFE) and the propor-
tion of adaptive substitutions (a) for new nonsynonymous muta-
tions using DFE-a v.2.16 (Schneider et al., 2011). First, we
generated the unfolded site frequency spectra (SFS) for each line-
age based on synonymous and nonsynonymous loci with P. obco-
nica and P. forbesii as outgroups. Then, we inferred the DFE
under a two-epoch model considering the potential change of
population size especially for homostylous lineages. The DFE for
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each lineage was then summarized in four bins representing
increased purifying selection (0–1, 1–10, 10–100, and >100).
The proportion of adaptive (xa) and nonadaptive (xd) substitu-
tion for each lineage among all nonsynonymous substitutions
was inferred from the unfolded SFS. The 95% confidence inter-
vals (CI) were generated by using 200 bootstrap replicates ran-
domly sampled from the original SFS.

Quantifying the morphological selfing syndrome

Measurement of morphological traits To investigate the mor-
phological selfing syndrome following shifts in mating system,
we obtained a random sample of 866 flowers (distylous P. oreo-
doxa: n = 336 flowers, n = 6 populations; homostylous P. oreo-
doxa: n = 147 flowers, n = 5 populations; homostylous P.
dumicola: n = 383 flowers, n = 12 populations) from 23 popula-
tions of the P. oreodoxa complex (Table S1) with 1–3 flowers
from each plant. We also sampled c. 30 unopened flowers from
on average 20 plants in each population for pollen and ovule
counts. Flowers were classified according to floral morph (L-
morph, S-morph, and H-morph) based on the positions of their
sexual organs before being preserved in 75% ethanol for subse-
quent measurement. We measured 22 floral traits, see Methods
S1, to quantify morphological difference among lineages.

Statistical analyses We estimated the distribution of stigma and
anther height by using a ML-based method (Zhou et al., 2017)
and classified flowers into three floral morphs. Because our preli-
minary analysis revealed high correlations among some morpho-
logical traits (Fig. S2), and to avoid bias caused by multiple
ANOVAs, we used multivariate analyses of variance (MANO-
VAs) followed by ANOVAs to determine lineage variation in
phenotypic traits. We analyzed all of the measured traits in
MANOVAs and repeated the analysis by grouping the floral
traits in two different categories (Table S3): floral display (e.g.
flower size measurements) and floral allocation (e.g. pollen and
ovule investment and nectar production) traits. Response vari-
ables were log-transformed with the function y = log(x + 1) to
improve the normality of residuals and homoscedasticity. We
used Wilks’ lambda (k) to evaluate significance in MANOVA
models and then protected ANOVAs were carried out for each
variable to examine the effects of lineage, population, and floral
morph.

Additionally, we also performed PCA to provide a graphical
description of how each trait contributed to observed differences
among lineages. We calculated PCAs as independent linear com-
binations of the standardized original variables with the same
transformation as in the MANOVAs. For the three distylous–
homostylous populations of P. oreodoxa (Table S1), we excluded
the morphological data of homostyles and treated the popula-
tions as distylous in the above analysis because of the low fre-
quency (< 5%) of homostyles in these populations. Three traits
(stigma and anther height and pollen size) were excluded from
the MANOVA and PCAs as the traits involve intrinsic difference
between distylous floral morphs. We conducted all analyses in R
v.4.1 (R Core Team, 2021).

Results

Lineage differentiation within the P. oreodoxa complex

We assembled 35 complete plastid genomes for the P. oreodoxa
complex (Table S4). The whole plastome dataset exhibited con-
siderable polymorphism and comprised a total of 25 haplotypes
(Hap1–Hap25). The geographical distribution of haplotypes is
illustrated in Fig. 1, which shows three distinct groups that are
mostly allopatric. All P. dumicola populations contained a single
haplotype and three distylous and two homostylous population
of P. oreodoxa contained two haplotypes.

The haplotype trees obtained from ML and Bayesian meth-
ods were largely congruent in topology (Fig. 2a), and the
P. oreodoxa complex was strongly supported as monophyletic
(ML bootstrap value 100%; Bayesian posterior 1.00), with all
haplotypes (except Hap16, see below) clustered into three
lineages with strong nodal supports. A distinct lineage
included all samples (Hap17–Hap25) of homostylous
P. dumicola, and we infer that this represents an early inde-
pendent origin of homostyly (hereafter referred to as ‘older
selfing lineage’ or H-Pd). The remaining haplotypes were all
recovered from P. oreodoxa, with haplotypes (Hap1–Hap9)
from distylous populations forming an exclusively distylous
lineage (hereafter referred to as ‘outcrossing lineage’ or D-Po),
and the remaining haplotypes (Hap10–Hap15) forming a
more recently derived homostylous lineage (hereafter referred
to as ‘younger selfing lineage’ or H-Po; Fig. 2a). Consistent
with an earlier study (Zhong et al., 2019), the haplotype
(Hap16) recovered from the only known tetraploid (2n = 48)
population (QCS) of homostylous P. oreodoxa was located at
the base of the complex and may represent another indepen-
dent origin of homostyly.

Structure analysis of SSR genotypes and synonymous SNPs both
recovered a local peak of DK values at K = 2, which clearly divided
the complex into a P. dumicola lineage and a P. oreodoxa lineage
(Fig. 2b,c). Although populations of homostylous P. oreodoxa
formed a cluster (Fig. 2b,c), they were not clearly separated from
the remaining distylous populations when increasing the cluster
(K ) number. The genetic similarity between the more recently
derived homostylous lineage (younger selfing lineage) and its ances-
tral outcrossing distylous lineage was also evident by two-
dimensional PCA of SSR phenotypes (Fig. 2d) and high-density
SNPs (Fig. 2e). Samples from younger selfing and distylous popu-
lations largely overlapped, although all were clearly separated from
samples of the older P. dumicola selfing lineage (Fig. 2d,e).

In the DIYABC analysis, four alternative models of evolu-
tionary differentiation were analyzed (Table S5) and the poster-
ior probabilities for evolutionary model 2 was 0.954 (95% CI:
0.921–0.987), much higher than for the other scenarios (model
1: 0.005, model 3: 0.021, and model 4: 0.020). Model 2
(Fig. 3a) depicted an evolutionary history in which the older
selfing lineage diverged first from the ancestor of the distylous
P. oreodoxa lineage followed by the younger selfing lineage. The
estimated posterior distribution of parameters for best model
are presented in Table S5.
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Selfing rates

Selfing rates varied among the three lineages; as expected, the dis-
tylous lineage had the lowest level of selfing (s(g2) = 0.203, s
(ML) = 0.127), whereas much higher levels of selfing occurred in
both the younger (s(g2) = 0.776, s(ML) = 0.718) and older selfing
lineages (s(g2) = 0.896, s(ML) = 0.906) (Fig. 3b). Population dif-
ferentiation measured using Fst gave values of 0.103, 0.127, and
0.144 for the distylous, the younger selfing and the older selfing
lineages, respectively.

Genomic selfing syndrome

Patterns of genetic diversity were similar between the nuclear and
chloroplast genomes of samples of the P. oreodoxa complex

(Table 1). Compared with the outcrossing distylous lineage,
levels of polymorphism for both younger and older selfing
lineages were significantly reduced. In the nuclear genome, the
ratio of nonsynonymous to synonymous nucleotide diversity
(pN : pS and hN : hS) was higher in the older selfing lineage (pN :
pS = 0.248, hN : hS = 0.256) than in the outcrossing lineage
(0.199, 0.208), whereas the younger selfing lineage (0.237,
0.249) was slightly lower than that of the older selfing lineage, a
pattern consistent with the results of MK tests described below.
For the chloroplast coding regions, the pN : pS and hN : hS of the
older selfing lineage (0.537, 0.563) were higher than that of the
outcrossing lineage (0.333, 0.334) or the younger selfing lineage
(0.218, 0.261). Values for Tajima’s D of younger and older self-
ing lineages were higher than that of the outcrossing lineages for
both nuclear and chloroplast genomes.
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Fig. 2 Haplotype phylogenetic tree and population genetic structure of population samples from the Primula oreodoxa complex. (a) Haplotype phylogenetic
framework constructed from data from the chloroplast genome. ML bootstrap values below 100 and Bayesian posterior probabilities below 1 are indicated at
nodes. (b, c) Population cluster analysis and a maximum likelihood (ML) phylogenetic tree based on simple sequence repeat (SSR) genotypes and synonymous
SNPs datasets, respectively. ML bootstrap values below 100 are indicated at nodes. (d, e) Principal component analysis (PCA) of the SSR genotypes of 378
individuals and synonymous SNPs of 63 samples, respectively. Red, blue, and green dots represent samples from outcrossing, younger selfing, and older selfing
lineages, respectively.
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The NI value of the outcrossing lineage was not significantly
different from one for both datasets (nuclear genome:
NI = 1.025, P = 0.172; chloroplast genome: NI = 0.965,
P = 0.825; Fig. 4a,b) consistent with the null expectation of equal
ratios of polymorphism and divergence. By contrast, both
younger and older selfing lineages exhibited significant deviations

from neutrality, with higher NI values for nuclear loci (Fig. 4a)
and therefore evidence for the accumulation of slightly deleter-
ious mutations. We also found that the effect of selfing on NI
values of the chloroplast genomes depended on whether the self-
ing lineage was derived earlier or more recently. The NI value of
the younger selfing lineage (NI = 0.786, P = 0.587) was similar to
the outcrossing lineage (NI = 0.965, P = 0.825) with both close
to 1, whereas it was significantly higher (NI = 1.736, P = 0.009)
for the older selfing lineage (Fig. 4b).

The outcrossing lineage had significantly fewer deleterious het-
erozygous and homozygous nonsynonymous mutations (Fig. 4c,d).
A higher recessive load was observed in the older than the younger
selfing lineage (Fig. 4c), whereas there was no significant difference
in additive loads between the two selfing lineages (Fig. 4d).

Based on the unfolded site frequency spectra (SFS) (Fig. S3),
our DFE analysis indicated that the outcrossing lineage had accu-
mulated relatively fewer effectively neutral nonsynonymous
mutations with 14.84% falling into the category (0 <Nes < 1)
(Fig. 4e). By contrast, a significantly higher proportion of sites
were classified as having effectively neutral mutations in both self-
ing lineages (25.37%—older selfing lineage; 21.59%—younger
selfing lineage). Notably, strongly deleterious mutations
(Nes > 100) were prevalent in both the younger (60.35%) and
older selfing lineage (66.64%).

The proportion of adaptive substitutions for each selfing line-
age was significantly lower than that of the outcrossing lineage
(Table 2). The estimate of a fixed by positive selection between
the outcrossing lineage and the outgroup was 64%, whereas no
adaptive substitutions were found for each of the selfing lineages
because a was either negative or close to zero (Table 2). The
negative estimates of a probably reflect the downward bias intro-
duced by the presence of weakly deleterious variants in selfing
lineages. By partitioning nonsynonymous substitutions into
adaptive (xa) and nonadaptive (xd) proportions, lower xa and
higher xd values were obtained in both selfing lineages compared
with the outcrossing lineage (Table 2).

Table 1 Summary of chloroplast and nuclear genome data for the three identified lineages (outcrossing, younger selfing and older selfing) of the Primula

oreodoxa complex.

Lineage n Site class Nsites S p (10�2) hW (10�2) pN : pS hN : hS Tajima’s D

(a) Nuclear genome
Outcrossing lineage (D-Po) 13 Synonymous 895 491 21 081 0.492 0.654 0.199 0.208 �0.437

Nonsynonymous 4073 447 19 937 0.098 0.136
Younger selfing lineage (H-Po) 13 Synonymous 738 080 6074 0.207 0.229 0.237 0.249 0.924

Nonsynonymous 3419 678 7009 0.049 0.057
Older selfing lineage (H-Pd) 13 Synonymous 758 124 4354 0.129 0.160 0.248 0.256 1.128

Nonsynonymous 3495 143 5130 0.032 0.041
(b) Chloroplast genome
Outcrossing lineage (D-Po) 12 Synonymous 15 218 137 0.321 0.290 0.333 0.334 0.282

Nonsynonymous 50 452 152 0.107 0.097
Younger selfing lineage (H-Po) 7 Synonymous 15 214 17 0.055 0.046 0.218 0.261 0.536

Nonsynonymous 50 438 15 0.012 0.012
Older selfing lineage (H-Pd) 14 Synonymous 15 207 43 0.107 0.087 0.537 0.563 0.709

Nonsynonymous 50 415 81 0.057 0.049

Nucleotide diversity (p), Watterson’s theta (hW) and test for neutrality (Tajima’s D based on p and hW) for each lineage are given. n, sample size; Nsites,
number of sites; S, number of polymorphisms.
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Fig. 3 Diagram of lineage differentiation history and estimated selfing
rates of each lineage in the Primula oreodoxa complex. (a) Diagram
portraying the best-fitting model of the history of evolutionary divergence
and differentiation for the three lineages in the P. oreodoxa complex. T1
and T2 represent the time of origin of young and old selfing lineages in
generations before present, respectively. Colored numbers indicate the
effective population size in the corresponding lineages. (b) Closed and
opened boxplot indicate selfing rates calculated by s(g2) and s(ML),
respectively. Significant differences (P < 0.01) are indicated by different
letters. Boxplot legend: upper and lower horizontal lines of box indicate
75th and 25th percentile, respectively; within box line and vertical line indi-
cated the median and minimum–maximum value, respectively.
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Morphological selfing syndrome

As expected, the heights of stigmas and anthers in the L- and S-
morphs exhibited clear bimodal distribution, whereas sexual
organs had a unimodal distribution in both homostylous lineages
(Fig. S4). In the distylous lineage, there was almost perfect spatial
matching between corresponding sexual organs of the floral
morphs and almost no overlap between incompatible stigmas
and anthers (Fig. S4). Thus, herkogamy was well-developed in
the distylous morphs but either absent or weakly developed in
the selfing homostylous lineages, with approach and reverse her-
kogamy evident in both homostylous lineages (Fig. S4).

The three lineages differed in floral morphological traits
in both the combined (MANOVA, Wilks’ k = 0.317,

F20,67 = 7.192, P < 0.001) or separate analyses based on the two
floral categories (floral display: Wilks’ k = 0.043, F24,366 =
57.686, P < 0.001; floral allocation: Wilks’ k = 0.606, F8,94 =
7.621, P < 0.001). The outcrossing lineage had a greater floral
display traits (e.g. floral size and color), more investment in male
reproductive function (e.g. pollen number and P : O ratio), and
pollinator rewards (e.g. sugar volume and concentration) (ANO-
VAs, Fig. 5; Table S3) than the two selfing lineages. The younger
selfing lineage was generally intermediate in trait values and dif-
fered significantly from the other lineages in most morphological
traits (Fig. 5; Table S3), but with some exceptions. For example,
values for ovule number (Fig. 5o) and petal color (RGB value)
(Fig. 5s) of the younger selfing lineage overlapped with the out-
crossing lineage, whereas P : O ratios (Fig. 5p) and corolla mouth
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Fig. 4 Genetic load and selection efficacy
comparisons among outcrossing (D-Po),
younger selfing (H-Po), and older selfing (H-Pd)
lineages of the Primula oreodoxa complex. MK
tests were performed on three lineages using (a)
nuclear and (b) chloroplast genome data, with P.

obconica and P. densa as outgroup, respectively.
Stacked bars indicate the proportion of poly-
morphism (lower part) and divergence (upper
part) in synonymous (PS and DS) and nonsynon-
ymous (PN and DN) sites, respectively. NI—the
neutrality index calculated as (PN :DN)/(PS :DS).
(c, d) represent the recessive and additive
genetic load, respectively. Significant differences
indicated above plot by ns, P > 0.05; *,
P < 0.001. Boxplot legend: upper and lower hori-
zontal lines indicated the 75th and 25th percen-
tiles, respectively. The central line and the
whiskers indicated the median and minimum–
maximum values. Circle indicated the data point
of each individual. (e) The distribution of fitness
effects (DFE) of new nonsynonymous mutations
fall into different Nes categories for the three
lineages. Nes is the product of effective popula-
tion size (Ne) and the selection coefficient (s).
Thirteen individuals for each lineage were used
to generate the DFEs. Error bars for each Nes
category represent 95% confidence intervals
from 200 bootstrap replicates generated by
resampling over loci. The differences were all
significant (P < 0.001) among the three lineages
within each Nes category.
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width (Fig. 5k) were similar between the two selfing lineages. As
expected, pollen grains exhibited size dimorphism between the
L- and S-morphs within the distylous lineage (Fig. 5t). The mean
pollen size of younger homostyles (21.36� 2.84) was similar to
the S-morph of the distylous lineage, whereas the pollen size of
older homostyles (18.13� 2.00) was significantly reduced com-
pared with both the S-morph (F = 612.3, P < 0.001) and the
younger homostyles (F = 1077, P< 0.001) (Fig. 5t).

The morphological transitions from distyly in the younger and
old homostylous lineages were also confirmed by PCA (Fig. 6).
The first principal component (PC1 = 70.2%) effectively distin-
guished the outcrossing, younger selfing, and older selfing
lineages (Fig. 6a) with comparable contributions from each trait
(Fig. 6b). The second component (PC2 = 6.3%) explained a
much smaller proportion of the overall variance among lineages
(Fig. 6c).

Discussion

Our phylogenomic and population genetic analyses of the
P. oreodoxa complex revealed that the breakdown of distyly to
homostyly has occurred on several occasions resulting in at least
two independent selfing lineages. These involve an older derived
lineage comprised of a geographically isolated cluster of selfing
populations and a relatively younger lineage of selfing popula-
tions adjacent to distylous populations, although still allopatric
in distribution (Figs 1 and 2). As predicted, the older selfing line-
age exhibited more fully developed genomic (Fig. 4; Table 1) and
morphological (Figs 5 and 6) selfing syndromes, consistent with
a longer evolutionary history of selfing. Nevertheless, the younger
selfing lineage also showed parallel changes in morphological and
genomic features, although these signatures of selfing were often
less well-developed, as expected if the transition to selfing was
more recent. Indeed, from the perspective of genome evolution,
although not necessarily morphological evolution, both transi-
tions can be considered relatively recent.

An unexpected finding was the substantial changes in the gen-
ome of the younger selfing lineage compared with distylous
populations (Fig. 4; Table 1). This result contrasts with the theo-
retical prediction that significant genomic changes resulting from
relaxed selection and genetic drift require substantial time periods
compared with the more rapid adaptive changes expected for
many morphological traits (Gl�emin & Galtier, 2012; Ness
et al., 2012; Slotte et al., 2013; Cutter, 2019). Below, we consider

this issue by examining the reproductive, ecological, and popula-
tion genetic processes influencing the relative tempo of genomic
and morphological changes in selfing syndromes.

Evolution of genomic selfing syndromes

We detected an elevated ratio of nonsynonymous to synonymous
polymorphism (pN : pS) in both the older and younger selfing
lineages of P. oreodoxa in comparison with the outcrossing lineage
(Table 1). The accumulation of deleterious mutations in selfing
lineages was supported by a significant increase in the proportion
of effectively neutral nonsynonymous mutations (Fig. 4e), a pat-
tern evident in the results from MK tests (Fig. 4a,b). These
results are in accord with several previous studies of predomi-
nantly selfing species (Slotte et al., 2013; Arunkumar et al., 2015;
Chen et al., 2017; Wang et al., 2021); but the significant geno-
mic decay that we detected in the younger selfing lineage was
unexpected. Values of pN : pS (hN : hS) and the proportion of
nonsynonymous mutations substantially increased from those
measured in the outcrossing lineage (Fig. 4a,b). This finding is
puzzling when the mating systems of populations that we investi-
gated are considered.

Persistently high selfing rates (e.g. s > 90%) is generally consid-
ered a key requirement for the gradual evolution of the genomic
selfing syndrome, although a small degree of outcrossing may be
sufficient to purge deleterious mutations and limit populations
from being trapped in the evolutionary ‘dead end’ of genomic
decay (Barrett et al., 2014; Kamran-Disfani & Agrawal, 2014;
Laenen et al., 2018; Yi et al., 2022). In our study, selfing rates in
homostylous populations ranged from 0.718 to 0.776 and from
0.896 to 0.906 for the younger and older selfing lineages, respec-
tively (Fig. 3b), but moderate amounts of outcrossing were evi-
dent in populations of both lineages.

We note that our method for estimating selfing rates from
molecular data using the program RMES (David et al., 2007)
was indirect and possibly less precise than methods using family-
based data (e.g. Wang et al., 2012). However, similar selfing esti-
mates have also been reported using this latter method for homo-
stylous populations of the younger selfing lineage of P. oreodoxa
(LWP = 0.71 and XXC = 0.63; Yuan et al., 2023). This finding
suggests that mixed mating rather than predominant selfing is
characteristic of homostylous populations, perhaps because of
weakly developed herkogamy in P. oreodoxa homostyles (Yuan
et al., 2017, 2023), a pattern also reported in other homostylous

Table 2 Parameters of the fitness distribution of nonsynonymous mutations (b, mean S), rate of adaptive evolution (a), adaptive (xa) and non-adaptive
proportion (xd) of dN : dS for each studied lineage (outcrossing, younger selfing and older selfing) of the Primula oreodoxa complex estimated with the
method of DFE.

Outcrossing lineage (D-Po) Younger selfing lineage (H-Po) Older selfing lineage (H-Pd)

b (CI) 0.392 (0.359, 0.425) 0.132 (0.119, 0.145) 0.060 (0.047, 0.073)
Mean S (CI) 68.319 (64.250, 72.388) 1.019 105 (5.149 104, 1.509 105) 2.779 1010 (2.309 1010, 3.249 1010)
a (CI) 0.638 (0.603, 0.673) �0.058 (�0.096, �0.020) �0.224 (�0.240, �0.209)
xa (CI) 0.223 (0.209, 0.238) �0.010 (�0.014, �0.007) �0.045 (�0.065, �0.023)
xd (CI) 0.125 (0.104, 0.146) 0.199 (0.177, 0.221) 0.243 (0.222, 0.265)

b, the shape parameter of the gamma distribution assumed for the estimations of S.
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Primula species (de Vos et al., 2018). If this inference of a history
of mixed mating is correct, the apparent emergence of the geno-
mic selfing syndrome in the younger lineage of P. oreodoxa is
somewhat unexpected.

A second key factor influencing the evolution of the genomic
selfing syndrome is the effective population size (Ne), which can
directly influence rates of molecular evolution (Ohta, 1992). The
reduction of Ne in selfers should magnify the role of genetic drift
relative to selection resulting in a higher proportion of new muta-
tions behaving almost neutrally (Akashi et al., 2012). When all
else is equal, complete self-fertilization (FIS = 1) should lead to a
2-fold reduction of Ne compared with random mating (FIS = 0)
since Ne =N/(1 + FIS). However, since some degree of outcross-
ing appears to be a feature of P. oreodoxa homostyles, reductions
in Ne owing to the mating system alone are likely to be less severe
and therefore demographic factors may play a more important
role. Specifically, the rapid origin of homostyles in Primula by
single-gene loss of function mutations of CYPT initially (Huu
et al., 2016; Kappel et al., 2017; Mora-Carrera et al., 2023) likely
involves severe bottlenecks and could play a significant role in
reducing Ne. Such effects on Ne would be further magnified by
colonizing episodes because of the capacity of homostyles to
found colonies through autonomous self-pollination by single
individuals. The demographic history of homostyles, involving
genetic bottlenecks in their origin in concert with lineage expan-
sion through colonization, may help to explain why a strong sig-
nature of the genomic selfing syndrome was evident in the

younger selfing lineage of P. oreodoxa complex despite moderate
outcrossing. Our inferences on genetic load, however, should be
treated cautiously because of the possible nonequilibrium demo-
graphic history of the populations we investigated (Brandvain &
Wright, 2016).

In contrast to the nuclear genomic effects of contrasting mat-
ing systems in the P. oreodoxa complex, the accumulation of dele-
terious mutations in the chloroplast genome was significantly
slower, and we detected no signal of relaxed purifying selection in
the younger selfing lineage (Fig. 4b; Table 1). To our knowledge,
there has been no explicit comparison of nuclear vs chloroplast
genes associated with mating system transitions, although a few
studies have detected similar (Wang et al., 2021) or weak
(Gl�emin & Muyle, 2014) signatures of relaxed selection in the
chloroplast genomes of selfers. The slower rate of accumulation
of deleterious mutations for chloroplast genes can probably be
explained by the smaller reduction in Ne and reduced sensitivity
to hitchhiking effects in comparison with nuclear genes (Gl�emin
& Muyle, 2014).

Evolution of morphological selfing syndromes

In contrast to the limited investigation of the genomic selfing
syndrome, numerous studies on diverse taxa have documented
changes in morphological and functional features of flowers asso-
ciated with evolutionary transition from outcrossing to selfing
(reviewed in Sicard & Lenhard, 2011; Tsuchimatsu &
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Fujii, 2022). The shift to selfing can be initiated by different
floral mechanisms, including the loss of herkogamy (e.g. Eichhor-
nia paniculata, Vallejo-Mar�ın & Barrett, 2009), dichogamy
(e.g. Collinsia spp. Kalisz et al., 2012), and self-incompatibility
(e.g. Capsella rubella, Sicard et al., 2011). Genetic modifications
to these reproductive traits, if accompanied by increased selfing,
are usually followed by changes in other floral traits (e.g. reduced
flower size, pollen, and nectar production), which further pro-
mote the evolution of the morphological selfing syndrome.

However, such changes are not an inevitable outcome of tran-
sitions to selfing, as is evident in North American populations of
Arabidopsis lyrata in which a recent shift to selfing caused by the
loss of self-incompatibility has not been accompanied by changes
to flower size (Hoebe et al., 2009). Because ancestral distylous
populations are fully self and intra-morph compatible (Yuan
et al., 2017), the transition to selfing in P. oreodoxa is not
initiated by the loss of self-incompatibility. Rather, the loss of
well-developed herkogamy appears to be the key reproductive
trait influencing changes to the mating system of populations
(Yuan et al., 2023), as is also the case in numerous other angios-
perm species (Opedal, 2018). Although there was evidence in
both young and old selfing lineages of P. oreodoxa for modifica-
tions to morphological traits, consistent with the evolution of
selfing syndrome, nearly all of the changes were less well-
developed in the younger selfing lineage compared with the old
selfing lineage (Fig. 5), as predicted given the different timescales
since the origins of selfing in the two lineages.

Decomposition of the genetic basis of individual and corre-
lated components of the morphological selfing syndrome, and
whether traits have evolved independently, has rarely been
attempted. However, recent studies of the selfing syndrome of
Ipomoea lacunosa demonstrated using Qst–Fst comparisons (Rif-
kin et al., 2019) and quantitative trait locus (QTL)-mapping
(Liao et al., 2022) that modifications to flower size and nectar
traits reflected directional selection on at least two independent
evolutionary modules. Quantitative trait locus mapping in
Mimulus (Fishman et al., 2002) and Capsella (Slotte et al., 2012)
indicate that most of traits associated with selfing (e.g. flower size
and stigma-anther separation) have likely evolved gradually by
the sequential fixation of small-effect alleles, although in some
cases major-effect loci can be involved (e.g. reduction of pollen
number in Arabidopsis thaliana, Tsuchimatsu et al., 2020).

In our study, it seems probable that the cascade of morpho-
logical changes accompanying the transition to selfing were
initiated by a major effect mutation at the CYPT locus (Huu
et al., 2016; Mora-Carrera et al., 2023). This change was likely
followed by more gradual adaptive evolution of sex allocation
based on polygenic variation, given the substantial phenotypic
variation among populations and lineages in selfing traits
(Fig. 5). However, at this stage, we cannot rule out the role of
genetic drift in contributing to these changes. Moreover, assum-
ing selection does indeed play a primary role, it is also unclear
what the tempo of response to selection might be on the quan-
titative floral traits comprising the selfing syndrome as this will
depend, in part, on the standing genetic variation of these
traits.

Existing models for inferring adaptive evolution often
assume idealized random mating in populations. However,
No€el et al. (2017) used experimental evolution to compare
the response of quantitative genetic selection on a morpholo-
gical trait in selfing vs outcrossing populations of the fresh-
water hermaphrodite snail Physa acuta. Their experiments
revealed that in selfing populations, there was an initially fast
response to selection, but this rapidly slowed. Their findings
of short-term positive response but longer term negative
effects of selfing on adaptive evolution may help to explain
the initial changes evident for morphological traits in the
younger selfing lineage of P. oreodoxa. Subsequent trait
changes might be slower to occur because of low genetic var-
iation arising from severe bottlenecks. Also further trait
change may influence pollinator service and compromise any
adaptive benefits that arise from maintaining low levels of
outcrossing, although visitation already occurs at very low
levels in homostylous populations (Yuan et al., 2023; Fig. 2).
The extent to which drift vs selection might drive subsequent
morphological changes during a shift from mixed mating to
predominant selfing requires further studies.

Conclusions

Our study represents a comprehensive analysis of the evolution-
ary history of the morphological and genomic selfing syn-
dromes. The occurrence of independently evolved selfing
lineages of different ages facilitated this comparison and
demonstrated parallel development of morphological and
genomic changes to different degrees, probably depending on
the history of selfing. Compared with other model systems (e.g.
Arabidopsis and Capsella) used for studies of mating-system
transitions (reviewed in Mattila et al., 2020), Primula provides
an unusual opportunity for further comparative analyses
because the genus is composed of numerous independent tran-
sitions from outcrossing to selfing (de Vos et al., 2014; Zhong
et al., 2019), including relatively old and young selfing lineages
(Wang et al., 2021). This floral and mating system diversity
should be exploited for future comparative investigations of the
evolution of morphological and genomic features of selfing syn-
dromes.
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