
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genetic factors predict hybrid formation in the British flora

Citation for published version:
Brown, M, Hollingsworth, P, Forrest, L, Hart, M, Leitch, IJ, Jones, L, Ford, C, De Vere, N & Twyford, AD
2023, 'Genetic factors predict hybrid formation in the British flora', Proceedings of the National Academy of
Sciences (PNAS), vol. 120, no. 16, e2220261120. https://doi.org/10.1073/pnas.2220261120

Digital Object Identifier (DOI):
10.1073/pnas.2220261120

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Proceedings of the National Academy of Sciences (PNAS)

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 02. May. 2023

https://doi.org/10.1073/pnas.2220261120
https://doi.org/10.1073/pnas.2220261120
https://www.research.ed.ac.uk/en/publications/881ea563-7063-427f-a85f-73adbb2bb9b4


PNAS  2023  Vol. 120  No. 16  e2220261120 https://doi.org/10.1073/pnas.2220261120   1 of 6

RESEARCH ARTICLE | 

Significance

The importance of natural 
hybridization in the evolutionary 
process has intrigued biologists for 
decades. However, our general 
understanding of natural 
hybridization is impeded by the 
complex and often idiosyncratic 
outcomes of hybridization. 
Here, we investigate hybridization 
across all native flowering plant 
species in the intensely studied UK 
flora, combining floristic and 
ecological data with a species-level 
phylogeny. We show that parental 
genetic distance, phylogenetic 
position, and parental ploidy are 
the best predictors of hybrid 
formation, over and above many 
ecological factors such as parental 
range overlap. These results 
highlight the critical role of genetic 
factors in determining whether 
hybrids can form and establish in 
natural environments.
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EVOLUTION

Genetic factors predict hybrid formation in the British flora
Max R. Browna,b,1 , Peter M. Hollingsworthc , Laura L. Forrestc , Michelle L. Hartc , Ilia J. Leitchd , Laura Jonese , Col Fordf , 
Natasha de Vereg , and Alex D. Twyforda,c,1

Edited by Loren Rieseberg, The University of British Columbia, Vancouver, BC, Canada; received November 28, 2022; accepted March 2, 2023

Natural hybridization can have a profound evolutionary impact, with consequences 
ranging from the extinction of rare taxa to the origin of new species. Natural hybrid-
ization is particularly common in plants; however, our understanding of the general 
factors that promote or prevent hybridization is hampered by the highly variable 
outcomes in different lineages. Here, we quantify the influence of different predictors 
on hybrid formation across species from an entire flora. We combine estimates of 
hybridization with ecological attributes and a new species-level phylogeny for over 
1,100 UK flowering plant species. Our results show that genetic factors, particularly 
parental genetic distance, as well as phylogenetic position and ploidy, are key deter-
minants of hybrid formation, whereas many other factors such as range overlap and 
genus size explain much less variation in hybrid formation. Overall, intrinsic genetic 
factors shape the evolutionary and ecological consequences of natural hybridization 
across species in a flora.

hybrid | floristic | genetic distance | DNA barcoding

Natural hybridization plays an important role in evolution and may facilitate adaptation 
or the evolution of novel phenotypes and promote species survival, or alternatively, it can 
lead to a range of negative consequences such as a reduction in fitness and even extinction 
(1). Focused studies on evolutionary model systems have greatly contributed to our under-
standing of the role of natural hybridization in the evolutionary process, revealing how 
hybridization underlies the origin of new species (2–4) and may promote adaptation via 
introgression (5). These focused studies have selected species for their noteworthy hybrid 
outcomes, such as the recent formation of hybrid species (6) or large stable hybrid zones 
(7). However, it is currently unclear how findings from these individual studies apply 
more widely across the diversity of hybridizing species in natural communities. This is 
particularly the case in plants, where centuries of botanical exploration have revealed the 
complex and seemingly idiosyncratic outcomes of hybridization (8).

Gaining a general understanding of the factors that promote or prevent natural hybrid-
ization requires large-scale integrated analyses that include data for the diversity of species 
present in the wild. The few studies that have looked more broadly at hybridization in 
floras have revealed extensive variability in hybridity by plant group (9) and important 
associations such as between hybridity and perenniality (10, 11). However, previous work 
has largely considered hybridization and trait associations between genera and families 
and either lacks suitable phylogenies (11) or relies on those where the tips represent 
higher taxonomic units such as genera, families, or orders (9, 10). A species-level phy-
logeny is required to correct for the extensive phylogenetic nonindependence expected 
in many ecological traits as well as to infer how genetic distance and phylogenetic position 
affect hybridization.

In this study, we characterize the genetic landscape of natural hybridization across flowering 
plant (angiosperm) species in the United Kingdom. The UK flora is ideal for investigating 
natural hybridization as it is manageable in size for genetic characterization (~1,400 species 
are native or archaeophytes (12), i.e., introduced to the United Kingdom before 1500) but 
has sufficient diversity to include over 500 native hybrids and species representatives of ~20% 
of angiosperm families, allowing generalizations to be made based on comparisons between 
hundreds of hybridizing species pairs (12). There is also a hybrid flora—a unique resource 
describing the ecology, distribution, cytology, and parentage of natural interspecific hybrids 
(13, 14), i.e., hybrids that are sufficiently distinct from their parents and survive for long 
enough, or are produced frequently enough, to be recorded. Finally, there is a DNA barcoding 
resource—Barcode UK (15)—which includes the three-locus DNA barcode of rbcL, matK, 
and ITS2 for 1,479 native and archaeophyte UK flowering plant species. Here, we assess 
the determinants of hybridization across the flora, considering attributes of each genus 
(in terms of genus size and phylogenetic position) and differences between congeneric hybrid-
izing species (range overlap, life history, ploidy, and genetic divergence), to investigate the 
general factors that determine the formation of hybrids across an entire flora.
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Results

Out of the 6,117 possible unique pairwise congeneric combina-
tions between 1,100 species suitable for analysis (Materials and 
Methods), 480 (7.8%) are known to hybridize. From 244 genera 
containing multiple species, 96 contain reported hybrids (39.3%), 
while 148 (60.7%) do not (Dataset S1). These hybrids are dispro-
portionately concentrated in just five genera from different plant 
orders, with 45.8% of hybrids found in Euphrasia (Orobanchaceae, 
Lamiales; n = 62), Carex (Cyperaceae, Poales; n = 50), Rosa 
(Rosaceae, Rosales; n = 40), Epilobium (Onagraceae, Myrtales; 
n = 35), and Salix (Salicaceae, Malpighiales; n = 33; Dataset S2). 
Some genera have multiple species that prolifically hybridize (e.g., 
Euphrasia has four species that are each parent to ≥14 hybrid 
combinations), while, in contrast, other genera have few species 
that overwhelmingly contribute to the number of hybrids (e.g., 
Rumex crispus is parent to 14 of ~40 Rumex hybrids). As such, 
hybridization is highly heterogeneous across the UK flora.

We next aimed to explain this heterogeneity in hybridization in 
two statistical models; model 1 included all factors except ploidy for 
1,100 species, while model 2 additionally incorporated ploidy infor-
mation and is limited to a subset of 684 species with ploidy data 
(Materials and Methods). We first consider potential nongenetic 
factors, including the number of species in a genus, species’ life 
histories, and parental species range overlap (hectad sharing).

Large genera have a greater number of potential parental com-
binations and thus may be predicted to include more hybrids (16). 
However, we find that the probability of congeneric species 
hybridizing is independent of genus size in our phylogenetic mixed 
models (pMCMC = 0.69 in model 1, SI Appendix, Table S1). 
Although hybridization tends to occur in species-rich genera, not 
all species-rich genera include hybrids (14). For example, clovers 
(Trifolium, 19 species) and lady’s mantles (Alchemilla, 12 species) 
are relatively species-rich but do not produce naturally occurring 
hybrids. This shows that the number of hybrid taxa deviates from 
a simple model determined by the number of congeneric taxa.

Previous studies at the genus or family level have shown annu-
ality and perenniality to be drivers of hybridization over associated 
factors such as woodiness (11). We find that out of all potential 
congeneric species pairs in the British flora. Perennial–perennial 
(7.7%, n = 4,725) or annual–perennial parents (3.2%, n = 804) 
hybridize proportionally less frequently than annual–annual 
parental combinations (15.6%, n = 588). However, this pattern 
masks the disproportional effect of the large number of hybrids in 
the genus Euphrasia, and when removed, only 6.9% (n = 435) 
annual–annual combinations produce hybrids. Moreover, the over-
all higher abundance of perennial species in the flora results in 80% 
of hybrids being perennial (14). While life history effects on 
hybridization are complex and individual tests of life history prove 
nonsignificant in model 1 (pMCMC > 0.05; SI Appendix, Table S1), 
a Wald test of the joint difference in life history levels (annual–per-
ennial and perennial–perennial parental pairs) accounting for phy-
logeny shows a significant effect on hybridization, with perennials 
more likely to hybridize (χ2 = 8.57, df = 2, P = 0.0138), confirm-
ing its importance.

The extent that parental species distributions overlap will affect 
the chance of cross-pollination and therefore hybrid formation 
(14, 17). We used underlying data from 40 million occurrence 
records to count parental range overlap in 10 × 10-km grids (hec-
tads, see Materials and Methods). As expected, range overlap is 
higher for congeneric species pairs known to hybridize (739 hec-
tads ±27 SE) than those that do not (353 hectads ±6 SE), and 
range overlap significantly affects the likelihood of hybridization 
(pMCMC < 0.001, SI Appendix, Table S1). Nevertheless, although 

significant, the variability in the effect of range overlap in the 
model is very low (posterior SD < 0.0001; SI Appendix, Table S1), 
especially compared to other factors (discussed below).

We next considered the genetic factors that may influence 
hybridization, in terms of parental ploidy, phylogenetic effects, 
and parental genetic distance and divergence time. Ploidy level 
variation is frequent in plant genera (17), with species with con-
trasting ploidy expected to have a lower likelihood of forming a 
hybrid due to endosperm imbalance in the fertilized embryo and 
potential meiotic abnormalities (18). For each pairwise congeneric 
comparison, we determined whether the parental species were of 
the same or different ploidy based on available flow cytometry 
(19) or chromosome count data (20) (Dataset S3). We find that 
species with the same ploidy are 35% more likely to produce 
hybrids than parents of differing ploidy, when fixed at a mean 
overlap in geographical distribution, mean branch length between 
species pairs, and accounting for phylogenetic effects (model 2, 
pMCMC < 0.001, SI Appendix, Table S2 and Figs. S1 and S2).

We then investigated hybridization in the context of our 3-locus 
phylogeny (Materials and Methods). We find that the number of 
unique hybrid combinations a species produces weighted by genus 
size is highly uneven across the plant phylogeny (Fig. 1). The phy-
logenetic signal of hybridization in model 1 is high at 0.54 (0.31 to 
0.69 CI—95% credible intervals; SI Appendix, Table S3), indicating 
that closely related lineages are likely to have more similar levels of 
hybridization. Inspection of the species-level best linear unbiased 
predictors (BLUPs; see Materials and Methods) from the phylogenetic 
model shows that docks and knotweeds (Polygonaceae) are most 
likely to hybridize after accounting for other model factors, while 
legumes (Fabaceae) are the least likely to do so (SI Appendix, Fig. S3).

Finally, we considered the impact of parental genetic distance 
on hybridization. The likelihood of hybridization is expected to 
decrease with parental genetic distance due to increasing genetic 
incompatibilities as well as divergence in other traits (21). We 
observe a 10-fold variation in mean congeneric ITS2 distance 
(Materials and Methods) across the 35 genera that include more 
than five taxa and contain hybrids, from low mean pairwise dis-
tance in Agrostis, Cochlearia, and Rosa to high distances in 
Geranium, Juncus, and Saxifraga (Dataset S4). Overall, hybridizing 
congeneric species showed a significantly lower pairwise genetic 
distance (mean ITS2 distance = 0.097, SE = 0.004) and thus more 
recent divergence time in our time-calibrated phylogeny 
(4.45 Mya, SE = 0.63 Mya) than nonhybridizing congeneric spe-
cies pairs (mean ITS2 distance = 0.215, SE = 0.001, 14.65 Mya, 
SE = 1.31; Wilcoxon test, P < 0.001; Fig. 2). A similar pattern is 
also observed with the plastid data (Fig. 2). Overall, the probabil-
ity of hybridization strongly decreases as branch length between 
parental species increases in both statistical models (pMCMC 
< 0.001, SI Appendix, Table S1 and Figs. S4 and S5) and shows a 
greater standardized effect size than both pairwise range overlap 
(by five orders of magnitude, posterior SD: 3.77; SI Appendix, 
Figs. S1 and S2) and size of the genus.

Discussion

Hybridization plays a profound role in natural ecosystems and is 
increasingly appreciated as an evolutionary stimulus across the 
tree of life (1, 22). However, it has proven a challenge to generalize 
across groups or predict likely outcomes due to the idiosyncratic 
findings of individual studies. Our work aims to understand the 
general predictors of hybridization across the diversity of plant 
species in an entire flora by using a standardized methodological 
approach. Using a species-level phylogeny and species traits for 
the flowering plants of the United Kingdom, we show the critical D
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role of genetic factors such as parental genetic divergence in shap-
ing the outcomes of hybridization, with our analyses also revealing 
the largely overlooked importance of cross-ploidy hybridization.

Genetic distance between parental species emerges as the 
strongest predictor of hybridization, with this variable known to 
predict the strength of reproductive isolation in laboratory-based 
experimental crosses (21, 23). In the UK flora, there are numerous 
genera characterized by low mean parental genetic distance, such 
as Salicornia, Prunus, Rosa, Epipactis, and Atriplex, with hybrids 
that form tending to be fertile (13). These contrast with rare exam-
ples of genera where hybrids form between divergent species, such 
as in Saxifraga, Poa, Cardamine, Potamogeton, and Fumaria, 
although the hybrids that do form tend to be sterile, suggesting 
limited opportunities for introgression (24). Overall, the differ-
ence in divergence age estimates between hybridizing and nonhy-
bridizing taxa supports the pronounced reduction in hybrid 
fertility observed between species that diverged more than approx-
imately 4 Mya (25). Causality in the link between hybrid forma-
tion and parental genetic divergence is not absolute, however, as 
low parental genetic divergence could also be a consequence of 
genetic homogenization following hybridization, which would 
reduce sequence variability. Recently diverged species within gen-
era such as Euphrasia and Salix hybridize extensively, and plastid 
and nuclear ribosomal DNA introgression is likely (26, 27). 
Overall, these results show that parental genetic divergence is a 
good predictor of hybridization, though rare hybridization 

between divergent species may still have potentially important 
consequences, such as in polyploid hybrid speciation (28).

Our results also show the importance of other genetic factors 
in explaining the outcomes of hybridization. Differences in paren-
tal ploidy may result in reproductive barriers such as meiotic irreg-
ularities (18) and decrease the chances of hybridization, as we find 
in the UK flora (29). However, there are still 131 cross-ploidy hybrids 
(38% of hybridizing species pairs with ploidy information), and as 
such, ploidy can be considered a leaky rather than an absolute barrier 
to hybridization (30). Even if it occurs at a reduced frequency, 
cross-ploidy hybridization may have important evolutionary con-
sequences, with ploidy differences partially sheltering the emergent 
hybrid lineage from homogenizing gene flow from at least one of 
the parents (5). We also report a high phylogenetic signal of 
hybridization, with the phylogenetic position being a good pre-
dictor of hybrid formation. This supports the findings of previous 
work based on mapping hybrid propensity on a phylogeny of plant 
orders (9). Variation in the frequency of hybridization by plant 
groups is well established; there are numerous examples of groups 
where hybridization is prevalent (e.g., orchids), while there are 
other cases such as the legume genera Trifolium and Lathyrus that 
have high species diversity but hybridize little (31). However, 
unpicking the underlying mechanisms of such phylogenetic effects 
is challenging, with variation potentially attributable to multiple 
traits of parental species, such as habitat preferences, chromosomal 
stability, and mating systems (32).

Fig. 1. Distribution of hybrids across the phylogeny of the British flora. The innermost ring shows phylogenetic relationships of 1,100 British native flowering plant 
species based on a combined analysis of plastid DNA (matK and rbcL, alignment of all taxa) and nuclear ribosomal DNA (ITS2, gapped alignment for congeneric 
relationships only). Phylogenetic reconstructions used maximum likelihood implemented in IQ-TREE and were rendered into a time tree using treePL. The 
middle ring (pink line) shows the number of unique hybrid combinations a species produces weighted by genus size. The outer ring (blue line) shows the probit 
scale posterior mean of the probability of a particular species hybridizing. The zero line is represented in pale red with positive probit values indicating higher 
probabilities of hybridization. The figure is annotated with the five genera with the highest probabilities of hybridization, given variation in model fixed effects, 
indicated from the sum of the species-level posterior means from the MCMCglmm phylogenetic model [1. Rumex (Polygonaceae), 2. Euphrasia (Orobanchaceae), 
3. Epilobium (Onagraceae), 4. Potamogeton (Potamogetonaceae), and 5. Dactylorhiza (Orchidaceae)], and the 10 largest plant orders around the outside.
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Other, nongenetic, factors have been reported to play an impor-
tant role in the prezygotic isolation of plant species and, therefore, 
in hybridization (33). Factors such as genus size are expected to 
predict hybridization (9); however, we find no evidence of this. In 
the case of genus size, we attribute the lack of a clear-cut effect to the 
phylogenetic signal and genetic distance between species outweighing 
the increased opportunity for hybridization due to more congeners 
alone. Previous work has shown the importance of perennial life 
history in hybridization (10, 14, 34), at least in temperate floras (10), 
due to perennials being more highly outcrossing (35) and producing 
more gametes over a longer period of time (34). We detect complex 
effects of life history in the probability of hybridization, with the 
significance depending on the analysis. High recorder effort in the 
British Isles means that even ephemeral annual hybrids are routinely 
found (14), and this is particularly the case with the species-rich 
taxonomically complex annual genus Euphrasia. The genus is one of 
the few solely annual genera in the United Kingdom with many 
hybrids recorded (14, 36). However, life history is significant when 
we analyze hybridization across the flora accounting for phylogenetic 
effects, showing the importance of accounting for the nonindepend-
ence of life history across the phylogeny.

Hybridization is also constrained and shaped by the biogeog-
raphy of parental species (37, 38). We find that hybrids are more 
likely to form when parental species distributions overlap more, 
which is likely due to increased opportunities for crossing events. 
However, this effect size is small, and our models suggest that 
broad-scale range overlap may not be a primary determinant of 
hybridization, with potential opportunities afforded by 
long-distance pollen dispersal, or range changes such as historical 
range overlap, confounding measures based on extant distribution 
ranges (14, 39, 40). There are also technical issues with such esti-
mates, as parental species overlap remains a crude estimate due to 
the lack of resolution on fine-scale co-occurrence and does not 
take into account habitat change or levels of disturbance.

Overall, our study has highlighted how genetic factors have a 
profound impact on hybridization and shape the prevalence of 
hybrids across the British flora (13) and provides a useful compar-
ative context for future large-scale integrated analyses of 

hybridization. Britain has a postglacial flora with high levels of 
disturbance, which is known to change the landscape of hybridi-
zation (41, 42); therefore, more studies are needed from other 
regions to understand the global landscape of natural 
hybridization.

Materials and Methods

Hybridization and Trait Data. We extracted information on hybrids, their 
parental progenitors, and ploidy from the hybrid flora of the British Isles (13) 
and used the latest plant taxonomy according to the New Flora of the British 
Isles (12). The hybrid flora excludes the complex apomictic groups Hieracium, 
Taraxacum, and Rubus fruticosus agg. We further excluded a) hybrids known to 
have formed outside the British Isles (e.g., taxa introduced as hybrids), b) triple 
hybrids, c) dubious or doubtful hybrids, and d) crosses at below specific rank 
(subspecies, varieties). We also removed the rare cases of intergeneric hybridi-
zation (some Rosaceae, Poaceae, and Orchidaceae) due to model scaling issues 
associated with including all possible species combinations across the flora. The 
hybrid flora includes a single entry per hybrid combination; therefore, hybrids 
with multiple origins derived from the same parental taxa are counted only 
once, as in ref. 11. Downstream analyses led to further hybrids being excluded 
if there were no barcode data associated with the parental species, with this 
notably removing hybrids involving recently introduced species (i.e., neophytes, 
introduced post-1500).

Additional ploidy information was added from the Botanical Society of Britain 
and Ireland (BSBI) Cytology database (43) and the Kew Plant DNA C-values data-
base (20) using custom Python scripts (see https://github.com/Euphrasiologist/
web_mining). Species with multiple ploidy levels were excluded unless it was 
known which cytotype contributed to the hybrid. Life history (annual or peren-
nial) of each species was extracted from the PLANTATT data on perennation (44), 
with the few biennials (<100) treated as perennials to reduce model complexity.

Pairwise range overlap (hectad sharing) was inferred using distributional data 
from the BSBI: https://database.bsbi.org.

Phylogenetic Reconstruction. We estimated phylogenetic relationships from 
the Barcode UK dataset (15), which includes a three-locus DNA barcode of rbcL, 
matK, and ITS2 for native flowering plant species. Complex or apomictic groups, 
as omitted from the hybrid flora (see above), were not sequenced (except for 
the manageable genus Sorbus, where suitable material was available). Due to 
the different sequence diversity and alignment success of plastid and nuclear 
ribosomal DNA across flowering plants, we used a single alignment of plastid 
sequences to infer relationships between all taxa, while nuclear ribosomal 
ITS2 was aligned separately for each genus and used to infer only congeneric 
relationships. Plastid DNA was aligned for all taxa using Geneious, while ITS2 
was aligned by genus, padded with Ns, and gapped using the program cat-
fasta2phyml (https://github.com/nylander/catfasta2phyml). Phylogenetic 
inferences were made using IQ-TREE (45) in an analysis with three partitions 
allowing models of molecular evolution to differ between loci and including a 
multifurcating constraint tree based on Angiosperm Phylogeny Group IV rela-
tionships (46) generated with Phylomatic (47). Tree support was estimated 
using 1,000 ultrafast bootstrap replicates (48). The phylogeny was dated using 
treePL, using calibration with 30 well-spread phylogenetically assigned fossils 
across the flowering plant phylogeny (49).

Tree-based genetic distances from the combined sequence alignment of ITS2 
and plastid data were inferred using the R function cophenetic.phylo() from the 
package ape (50), while separate pairwise distances for ITS2 and plastid DNA 
were calculated with the R function dist.alignment() from the seqinr package 
(51). The resulting distances (either tree-based distances or pairwise distances) 
were the square root of pairwise distances. Tree manipulation took place in R, 
with the circular plot made with the R package circlize (52); the phylogeny was 
coerced into a circular dendrogram for visualization. Other plots were generated 
with the R package ggplot2 (53) and lattice (54). All other data manipulation 
took place in R version 3.6.1 using base R and packages data.table (55) and 
dplyr (56).

For visualization of the number of hybrids each species produces across the 
phylogeny, we summed the total number of unique hybrids for a given parental 
taxon and weighted this value by the size of the genus.

Fig. 2. Hybrid formation in the UK flora in the context of (A) parental genetic 
divergence and (B) divergence time. Jittered points represent genetic distances 
between pairs of congeneric taxa, grouped by whether a pair of taxa produce 
a hybrid or not. Divergence times between taxa in panel B are from the dated 
phylogenetic tree combining ITS2 and plastid sequence data (rbcL and matK).
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Integrated Model-Based Analyses. Our final dataset for the phylogenetic 
analysis contained 6,117 unique congeneric pairwise combinations, of which 
480 produce hybrids. We used phylogenetic generalized linear mixed models 
implemented in the R package MCMCglmm as it allows for the addition of a 
phylogeny with flexible variance structures for the random effects (57). The 
response variable was a binary response of whether two congeneric species 
produced recorded hybrids or not and was assumed to have residuals approx-
imated by a probit distribution (“threshold” model in MCMCglmm). We used 
parameter-expanded priors for better mixing and fixed the residual variance 
at 1. The models were run for 1.3 million iterations with a thinning interval 
of 1,000 and a burn-in of 300,000.

We used five fixed-effect covariates to understand their contribution to explain-
ing the variation in hybrid formation: i) Pairwise branch length between parental 
species calculated from the phylogeny (above) was added to understand the con-
tribution of intrageneric relatedness (=genetic distance); ii) pairwise overlap in 
geographical distribution (number of 10 × 10-km hectads (generated from data 
at https://database.bsbi.org/) accounted for the extent of range overlap of parental 
species (=hectad sharing); iii) genus size was calculated from species present in 
the phylogeny; iv) life history of the parental species combination was included as 
a three-leveled factor (annual–annual, annual–perennial, perennial–perennial) for 
each species combination in the model; v) finally, whether the parental species 
were of the same ploidy level or not was added as a two-level categorical factor: 
same ploidy level (homoploid) or not (heteroploid).

We ran two models which differed in their fixed effect structure only in terms of 
excluding or including ploidy data (model 1 and 2, respectively). This was because 
ploidy data were limited either due to missing or uncertain ploidy information; 
the number of species analyzed decreased from 1,100 to 684 when including 
ploidy level in the model. Out of 244 genera, 169 lacked ploidy information, with 
a few genera having high amounts of missing data, e.g., Sorbus and Alchemilla, 
as well as Juncus and Carex, which have holocentric chromosomes and whose 
ploidy level is therefore difficult to assess. The phylogenetic (species level) BLUPs 
(means of the posterior distribution of the model effects) were extracted from the 
model excluding ploidy level and are equivalent to the per species point estimates 
of the probability of hybridization.

The inverse relatedness matrix (unscaled phylogeny) and species were fitted 
as random effects in a multimembership model structure, as each hybrid event 
is the outcome of two parental species. The effect of phylogeny was added to the 
fixed effect predictions by calculating the following:

�
2

u
+ 2�2

s
+ �

2

p
B,

where u is the residual variance, s is the species variance, and p is the phylogenetic 
variance. B is defined as the average tree of all species pairs:

B = 2d + 2o,

where d is the average species phylogenetic variance, and o is the sum of the 
pairwise species phylogenetic covariances divided by the number of possible 
combinations of species multiplied by two. As we did not allow intergeneric 
hybridization, we calculated B at the species-level constrained to genus ( BS):

BS =
2Σoinci + 2Σdini

Σnci
,

where i  represents the ith  genus. Variables o and d are defined as above but 
calculated for each genus, ni is the number of individuals in a genus, and nci 
is the number of possible pairwise combinations within the genus. Using this 
method, we were able to account for the size of the genus in our phylogenetic 
variance estimates. We implemented this algorithm in the R package VCVglmm 
(58). Finally, the phylogenetic signal was calculated using:

�
2
p
BS

�
2
u
+ 2�2

s
+ �

2
p
BS

All parameters were sampled from the posterior distribution of each coefficient, 
and distributions were summarized using modes and highest posterior density 
intervals at the 95% level. P-values were taken directly from model output for contin-
uous covariates or categorical covariates with only two levels, whereas for life history 
effects (i.e., annual or perennial status of parental species), Wald tests were used 
to jointly test all factor levels (59). P-values in this context are pMCMC values (58).

Genetic distance comparisons between different hybrids were made using 
Wilcoxon tests on the pairwise parental genetic distances, which do not assume 
that the distances approximate any distribution. The source code for all the 
analyses and figures can be found at https://github.com/Euphrasiologist/
Floristic_DNA_Barcoding.

Data, Materials, and Software Availability. Sequence alignments and phyloge-
nies have been deposited in Dryad (https://doi.org/10.5061/dryad.9kd51c5np) (60).

ACKNOWLEDGMENTS. We thank Jarrod Hadfield for advice on statistical analy-
ses, Richard Abbott for useful discussions about cross-ploidy hybridization, Chris 
Preston for comments on an initial draft of the manuscript, and the BSBI for access 
to plant records. We also thank the editor and two reviewers for constructive com-
ments that improved the manuscript. Portions of this work were developed from 
the doctoral dissertation of M.R.B., which was supported by a scholarship from 
the Biotechnology and Biological Sciences Research Council (grant number BB/
M010996/1). The Royal Botanic Garden Edinburgh acknowledges funding from 
the Scottish Government's Rural and Environment Science and Analytical Services 
Division. A.D.T. was supported by the Natural Environment Research Council (grant 
number NE/L011336/1).

1. R. Abbott et al., Hybridization and speciation. J. Evol. Biol. 26, 229–246 (2013).
2. C. Lexer, M. E. Welch, J. L. Durphy, L. H. Rieseberg, Natural selection for salt tolerance quantitative 

trait loci (QTLs) in wild sunflower hybrids: Implications for the origin of Helianthus paradoxus, a 
diploid hybrid species. Mol. Ecol. 12, 1225–1235 (2003).

3. R. J. Abbott et al., Recent hybrid origin and invasion of the British Isles by a self-incompatible 
species, Oxford ragwort (Senecio squalidus L., Asteraceae). Biol. Invasions 11, 1145–1158  
(2009).

4. S. J. Novak, D. E. Soltis, P. S. Soltis, Ownbey tragopogons–40 years later. Am. J. Bot. 78, 1586–1600 
(1991).

5. M. A. Chapman, R. J. Abbott, Introgression of fitness genes across a ploidy barrier. New Phytol. 186, 
63–71 (2010).

6. L. H. Rieseberg et al., Major ecological transitions in wild sunflowers facilitated by hybridization. 
Science 301, 1211–1216 (2003).

7. H. Tavares et al., Selection and gene flow shape genomic islands that control floral guides. Proc. Natl. 
Acad. Sci. U.S.A. 115, 11006–11011 (2018).

8. C. J. Rothfels et al., Natural hybridization between genera that diverged from each other 
approximately 60 million years ago. Am. Nat. 185, 433–442 (2015).

9. K. D. Whitney, J. R. Ahern, L. G. Campbell, L. P. Albert, M. S. King, Patterns of hybridization in plants. 
Perspect. Plant Ecol. Evol. Syst. 12, 175–182 (2010).

10. I. Beddows, L. E. Rose, Factors determining hybridization rate in plants: A case study in Michigan. 
Perspect. Plant Ecol. Evol. Syst. 34, 51–60 (2018).

11. N. Mitchell et al., Correlates of hybridization in plants. Evol. Lett. 3, 570–585 (2019).
12. C. A. Stace, New Flora of the British Isles (C & M Floristics, ed. 4, 2019).
13. C. A. Stace, C. D. Preston, D. A. Pearman, Hybrid Flora of the British Isles (Botanical Society of Britain 

and Ireland, 2015).

14. C. D. Preston, D. A. Pearman, Plant hybrids in the wild: Evidence from biological recording. Biol. 
J. Linnean Soc. 115, 555–572 (2015).

15. L. Jones et al., Barcode UK: A complete DNA barcoding resource for the flowering plants and conifers 
of the United Kingdom. Mol. Ecol. Res. 2021, 2050–2062 (2021).

16. S. D. Johnson, Natural hybridization in the orchid flora of South Africa: Comparisons among genera 
and floristic regions. S. Afr. J. Bot. 118, 290–298 (2018).

17. F. Kolář, M. Čertner, J. Suda, P. Schönswetter, B. C. Husband, Mixed-ploidy species: Progress and 
opportunities in polyploid research. Trends Plant sci. 22, 1041–1055 (2017).

18. J. A. Tate, D. E. Soltis, P. S. Soltis, “Polyploidy in Plants” in The Evolution of the Genome, R. Gregory, 
Ed. (Academic Press, 2005), pp. 371–426, chap. 7.

19. J. Pellicer, I. J. Leitch, The Plant DNA C-values database (release 7.1): An updated online repository 
of plant genome size data for comparative studies. New Phytol. 226, 301–305 (2020).

20. M. C. Henniges et al., A taxonomic, genetic and ecological data resource for the vascular plants of 
Britain and Ireland. Sci. Data 9, 1–8 (2022).

21. S. Edmands, Does parental divergence predict reproductive compatibility? Trends Ecol. Evol. 17, 
520–527 (2002).

22. K. K. Dasmahapatra et al., Butterfly genome reveals promiscuous exchange of mimicry adaptations 
among species. Nature 487, 94–98 (2012).

23. L. C. Moyle, M. S. Olson, P. Tiffin, Patterns of reproductive isolation in three angiosperm genera 
(vol 58, pg 1195, 2004). Evolution 58, 2110–2110 (2004).

24. S. G. Hegde, J. D. Nason, J. M. Clegg, N. C. Ellstrand, The evolution of California’s wild radish has 
resulted in the extinction of its progenitors. Evolution 60, 1187–1197 (2006).

25. D. A. Levin, The long wait for hybrid sterility in flowering plants. New Phytol. 196, 666–670 (2012).
26. H. Becher et al., Maintenance of species differences in closely related tetraploid parasitic Euphrasia 

(Orobanchaceae) on an isolated island. Plant Commun. 1, 100105 (2020).

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

E
D

IN
B

U
R

G
H

 o
n 

A
pr

il 
25

, 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
19

2.
41

.1
14

.2
30

.

https://database.bsbi.org/
https://github.com/Euphrasiologist/Floristic_DNA_Barcoding
https://github.com/Euphrasiologist/Floristic_DNA_Barcoding
https://doi.org/10.5061/dryad.9kd51c5np


6 of 6   https://doi.org/10.1073/pnas.2220261120 pnas.org

27. D. M. Percy et al., Understanding the spectacular failure of DNA barcoding in willows (Salix): Does 
this result from a trans-specific selective sweep? Mol. Ecol. 23, 4737–4756 (2014).

28. M. A. Chapman, J. M. Burke, Genetic divergence and hybrid speciation. Evolution 61, 1773–1780 
(2007).

29. M. R. Brown, Taxonomic Complexity in Eyebrights (Euphrasia L., Orobanchaceae) and the British Flora 
(The University of Edinburgh, UK, 2021).

30. R. J. Abbott, A. J. Lowe, Origins, establishment and evolution of new polyploid species: Senecio 
cambrensis and S-eboracensis in the British Isles. Biol. J. Linnean Soc. 82, 467–474 (2004).

31. A. M. Evans, Species hybridization in Trifolium. 1. Methods of overcoming species incompatibility. 
Euphytica 11, 164–176 (1962).

32. J. Ramsey, H.  Bradshaw Jr., D. W. Schemske, Components of reproductive isolation between the 
monkeyflowers Mimulus lewisii and M. cardinalis (Phrymaceae). Evolution 57, 1520–1534 (2003).

33. A. Widmer, C. Lexer, S. Cozzolino, Evolution of reproductive isolation in plants. Heredity 102, 31–38 
(2009).

34. N. C. Ellstrand, R. Whitkus, L. H. Rieseberg, Distribution of spontaneous plant hybrids. Proc. Natl. 
Acad. Sci. U.S.A. 93, 5090–5093 (1996).

35. M. T. Morgan, Consequences of life history for inbreeding depression and mating system evolution 
in plants. Proc. R. Soc. B Biol. Sci. 268, 1817–1824 (2001).

36. C. Metherell, F. Rumsey, Eyebrights (Euphrasia) of the UK and Ireland (Botanical Society of Britain 
and Ireland, 2018).

37. D. B. Lowry, J. L. Modliszewski, K. M. Wright, C. A. Wu, J. H. Willis, The strength and genetic basis 
of reproductive isolating barriers in flowering plants. Philos. Transact. R. Soc. B Biol. Sci. 363, 
3009–3021 (2008).

38. J. M. Sobel, G. F. Chen, Unification of methods for estimating the strength of reproductive isolation. 
Evolution 68, 1511–1522 (2014).

39. B. B. Lamont, T. He, N. J. Enright, S. L. Krauss, B. P. Miller, Anthropogenic disturbance promotes 
hybridization between Banksia species by altering their biology. J. Evol. Biol. 16, 551–557 
(2003).

40. J. K. Kadereit, The geography of hybrid speciation. Taxon 64, 673–687 (2015).
41. Q. F. Guo, Plant hybridization: The role of human disturbance and biological invasion. Diversity 

Distrib. 20, 1345–1354 (2014).
42. R. J. Abbott, Plant invasions, interspecific hybridization and the evolution of new plant taxa. Trends 

Ecol. Evol. 7, 401–405 (1992).
43. Botanical Society of the British Isles, BSBI cytology database (2019). http://rbg-web2.rbge.org.uk/

BSBI/cytsearch.php. Accessed 1 December 2019.

44. M. O. Hill, C. D. Preston, D. Roy, PLANTATT-Attributes of British and Irish Plants: Status, Size, Life 
History, Geography and Habitats (Centre for Ecology & Hydrology, 2004).

45. L. T. Nguyen, H. A. Schmidt, A. von Haeseler, B. Q. Minh, IQ-TREE: A fast and effective stochastic 
algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 32, 268–274 (2015).

46. APG, An update of the angiosperm phylogeny group classification for the orders and families of 
flowering plants: APG IV. Botanical J. Linnean Soc. 181, 1–20 (2016).

47. C. O. Webb, M. J. Donoghue, Phylomatic: Tree assembly for applied phylogenetics. Mol. Ecol. Notes 
5, 181–183 (2005).

48. D. T. Hoang, O. Chernomor, A. von Haeseler, B. Q. Minh, L. S. Vinh, UFBoot2: Improving the ultrafast 
bootstrap approximation. Mol. Biol. Evol. 35, 518–522 (2018).

49. S. Ramírez-Barahona, H. Sauquet, S. Magallón, The delayed and geographically heterogeneous 
diversification of flowering plant families. Nat. Ecol. Evol. 4, 1232–1238 (2020).

50. E. Paradis, J. Claude, K. Strimmer, APE: Analyses of phylogenetics and evolution in R language. 
Bioinformatics 20, 289–290 (2004).

51. D. Charif, J. R. Lobry, “SeqinR 1.0-2: A contributed package to the R project for statistical computing 
devoted to biological sequences retrieval and analysis” in Structural Approaches to Sequence 
Evolution, U. Bastolla, M. Porto, H. E. Roman, M. Vendruscolo, Eds. (Springr Verlag, 2007), pp. 
207–232.

52. Z. G. Gu, L. Gu, R. Eils, M. Schlesner, B. Brors, circlize implements and enhances circular visualization 
in R. Bioinformatics 30, 2811–2812 (2014).

53. H. Wickham, ggplot2: Elegant Graphics for Data Analysis (Springer, New York, 2009).
54. D. Sarkar, Lattice: Multivariate Data Visualization with R (Springr, New York, 2008).
55. M. Dowle, A. Srinivasan data.table: Extension of ‘data.frame’ (Version 1.12.6, 2019), https://cran.r-

project.org/web/packages/data.table/index.html. Accessed 1 November 2019.
56. H. Wickham, R. Francois, dplyr: A grammar of data manipulation (Version 0.8.1., 2016), https://

CRAN.R-project.org/package=dplyr. Accessed 1 November 2019.
57. J. D. Hadfield, MCMC methods for multi-response generalized linear mixed models: The 

MCMCglmm R package. J. Stat. Software 33, 1–22 (2010).
58. M. Brown, VCVglmm: Manipulating model outputs from MCMCglmm and lme4 objects, usually 

involving variance-covariance matrices (Version v1.0., 2019), https://github.com/Euphrasiologist/
VCVglmm. Accessed 1 November 2019.

59. J. D. Hadfield et al., Intraclutch differences in egg characteristics mitigate the consequences of age-
related hierarchies in a wild passerine. Evolution 67, 2688–2700 (2013).

60. M. R. Brown et al., Genetic factors predict hybrid formation in the British flora. Dryad. https://doi.
org/10.5061/dryad.9kd51c5np. Deposited 22 February 2023.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

E
D

IN
B

U
R

G
H

 o
n 

A
pr

il 
25

, 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
19

2.
41

.1
14

.2
30

.

http://rbg-web2.rbge.org.uk/BSBI/cytsearch.php
http://rbg-web2.rbge.org.uk/BSBI/cytsearch.php
https://cran.r-project.org/web/packages/data.table/index.html
https://cran.r-project.org/web/packages/data.table/index.html
https://CRAN.R-project.org/package=dplyr
https://CRAN.R-project.org/package=dplyr
https://github.com/Euphrasiologist/VCVglmm
https://github.com/Euphrasiologist/VCVglmm
https://doi.org/10.5061/dryad.9kd51c5np
https://doi.org/10.5061/dryad.9kd51c5np

	Genetic factors predict hybrid formation in the British flora
	Significance
	Results
	Discussion
	Materials and Methods
	Hybridization and Trait Data.
	Phylogenetic Reconstruction.
	Integrated Model-Based Analyses.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 19



