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Abstract

Hybridization has the potential to generate or homogenize biodiversity and is a particularly common
phenomenon in plants, with an estimated 25% of species undergoing inter-specific gene flow.
However, hybridization has rarely been demonstrated among tree species in Amazonia, the world’s
largest rainforest. We show that within Brownea, a characteristic tree genus of Amazonia, there is
extensive evidence of hybridization. Using both phylogenomic and population genomic approaches
we find multiple historical hybridization events within Brownea, along with contemporary
hybridization among co-occurring species. Finally, we infer homogeneous rates of gene flow among
different genomic loci, indicating a lack of selection against hybrids, reflecting their persistence over
time. These results demonstrate that gene flow between Amazonian tree species has occurred across

temporal scales and may have contributed to the evolution of the most diverse tree flora on Earth.
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Introduction

Reproductive isolation is often seen as a prerequisite for speciation and as a defining feature of
species 2. Despite this, hybridization between species is known to occur, and has several different
outcomes, from the erosion of evolutionary divergence * * to the formation of entirely new ‘hybrid
species’ °. Neotropical rainforests harbour the highest levels of plant diversity on Earth ¢, and to date
there has been little convincing evidence that hybridization consistently occurs between tree species
therein. Indeed, the prevailing view has been that hybridization between tropical tree species is an
exceptionally rare event 7. Although a few observations of reproductive biology support this, such as
the intersterility between lineages of Inga, a species-rich genus in the legume family '°, evidence for
hybridization has been poorly tested empirically in tropical floras. The only potential example of
hybridization among neotropical trees which has been documented using DNA sequence data
involves two species of Carapa ' found in Amazonia, the largest expanse of rainforest in the world

which contains at least 6,800 tree species 2.

One factor that suggests hybridization might occur more frequently in neotropical rainforest tree
species, if their reproductive isolation is not absolute, is the remarkable level of sympatry found for
closely related species. In several neotropical lineages, including Inga, Guatteria and Swartzia, many
recently diverged species co-occur !*, often to a remarkable degree. One such example of this is the
co-occurrence of 19 Inga species in a single hectare of the Ecuadorian Amazon '*. As such, for many

rainforest taxa the opportunity for hybridization is constantly present.

Hybridization can have a range of evolutionary consequences. In many cases, hybridization simply
results in the formation of sterile, maladapted offspring with poor reproductive fitness, allowing
genetic isolation between species to be maintained (i.e., reinforcement '°). In other cases, there may be
a permanent movement of genetic material from one lineage to another ', which is known as
‘introgression’. This transfer of genetic material through hybridization may confer a selective

advantage to resultant offspring 7, in which case it is referred to as ‘adaptive introgression’. Adaptive


https://doi.org/10.1101/2019.12.12.873927
http://creativecommons.org/licenses/by-nc-nd/4.0/

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

bioRxiv preprint doi: https://doi.org/10.1101/2019.12.12.873927; this version posted December 12, 2019. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

introgression is most often observed between closely-related taxa during the invasion of new habitats
18,19 Furthermore, hybridization can lead to rapid evolutionary radiations. This occurs through the re-
assembly of standing genetic variation which has accumulated between diverging lineages, and which
has already been subject to selection. This ‘combinatorial” process is much more rapid than the
gradual accumulation of variation through mutation, and the passage of these variants through
hybridization often fuels rapid diversification events %. This has been demonstrated in a wide range of

taxa, including sunflowers, African cichlid fish and Darwin’s finches 213,

Introgression can occur at different rates in different regions of the genome %*. Regions under
divergent selection may remain distinct due to reduced fitness of hybrid genotypes at such loci,
resulting in a low rate of introgression. Conversely, regions under little or no selection tend to
introgress more freely, becoming homogenised between species. Moreover, if there is selection for
hybrid genotypes (as in adaptive introgression), the rate of introgression for a region may be further
increased relative to the rest of the genome 2. Such a process has been demonstrated in temperate-
zone tree species, where divergence between hybridizing lineages is maintained through

26,27

environmentally-driven selection . This explains why species that hybridize can remain as

biologically distinct (and taxonomically identifiable) groups despite undergoing genetic exchange

with other species 2% °.

Brownea, a member of the pea and bean family (Fabaceae/Leguminosae), is a characteristic tree
genus of lowland neotropical rainforests, and contains around 27 species distributed across northern
South America. Previous work indicates that there is a broad degree of phylogenetic incongruence
evident in this genus *° which might indicate hybridization, although this could also result from
incomplete lineage sorting (the differential inheritance of genetic variation from a common ancestral
species in different descendent lineages). However, there are numerous Brownea hybrids in
cultivation (e.g. B. x crawfordii *' and B. hybrida *?), as well as several instances of putative
hybridization among Brownea lineages in the wild. The most notable of these instances is that
proposed between the range-restricted Brownea jaramilloi ** and the wide-ranging B. grandiceps,

which co-occur in the Ecuadorian Amazon (Fig. 1). There are multiple morphological distinctions
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85  between these two species, including differences in inflorescence colour and structure, growth habit,
86 tree height and leaf morphology *. Although they co-occur, these species favour different habitats: B.
87  jaramilloi grows on ridge tops and hillsides, whereas B. grandiceps shows a slight preference for

88  swamps and valleys but is more evenly distributed **3*. Despite this, hybridization appears to occur,
89  as evidenced by the existence of a putative hybrid between these two species known as B. “rosada”
90 (Fig. 1). Brownea ‘“rosada” displays an intermediate morphology between its two parental species,
91  producing pink flowers. The hypothesis of a B. jaramilloi x B. grandiceps hybrid has not yet been

92  tested, however, using molecular data.

o " o SN
L O/ Y W Wl e W N\
Brownea grandiceps Brownea jaramilloi Brownea "rosada"

93
94

95  As a member of the legume family, which dominates Amazonian forests *, and with its apparent
96  propensity for hybridization, Brownea is an excellent system with which to study the phylogenetic
97  patterns and genomic architecture of introgression in neotropical rainforest trees. Systematically
98  documenting hybridization at a range of time scales and taxonomic levels within this group could
99  reveal how admixture has contributed to the assembly of one of the world’s richest floras.

100  Accordingly, this investigation aims to answer the following questions:

101
102 1. Is there evidence of hybridization at a deep phylogenetic level in this lineage of neotropical
103 rainforest tree?


https://doi.org/10.1101/2019.12.12.873927
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2019.12.12.873927; this version posted December 12, 2019. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

104 2. Isthere evidence of more recent gene flow, and if so, does this occur evenly across most of
105 the genome?
106

107 Results

108  Phylogenetic analysis

109  Using DNA sequence data from 226 nuclear gene regions, we produced a ‘species’ tree using

110  ASTRAL 3¢ (Fig. 2) based on gene trees inferred with the program RAxML 7. This resulted in well-
111  supported relationships between major subclades (>0.9 local posterior probability (PP)), with lower
112 support for inter-specific relationships. ASTRAL inferred that 50.2% of gene tree quartets were

113 congruent with the ‘species’ tree. There was a high degree of discordance among gene tree topologies
114  at many nodes, with multiple alternative bipartitions reconstructed at most nodes. This is evident from
115  the presence of many more conflicting gene trees (numbers below branches) than congruent gene

116  trees (numbers above branches) in Supplementary Fig. 1.

117
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Ancient introgression in Brownea species

Phylogenetic networks were estimated using concordance factors (CF) generated from RAxML gene
trees to ascertain whether the historical pattern of diversification in Brownea was tree-like or
reticulate. Networks with different numbers of hybridization events (%) were compared using -log
pseudolikelihoods. The best-fitting network model was 4 = 2, as indicated by the -log
pseudolikelihood values displayed in Supplementary Fig. 2, suggesting that there were two
hybridization events within the Brownea taxa sampled for this study. Negative log pseudolikelihoods
increased steadily between 4 = 0 and 4 = 2, after which the increasing number of hybridization events

only make minimal improvements to -log pseudolikelihood.

| — Brownea "rosada" S41
L Brownea grandiceps S37

\ Brownea enricii S64
“*\.\ —— Brownea macrophylla S47
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The inferred phylogenetic network (Fig. 3) showed a broadly similar topology to the species tree in
Fig. 2, with the addition of two hybridization events. The first hybridization event occurred between

the lineage leading to the Venezuelan accessions of B. grandiceps/B. leucantha and B. birschelli,

ape|oqgns ,sdasipueds,

*2'S ,"300)),
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136  suggesting that the lineage leading to B. birschelli has in the past contributed around 34% of the
137  genetic material present in the common ancestor of the Venezuelan B. grandiceps and B. leucantha.
138  The second inferred occurrence of hybrid ancestry occurs between the ancestors of the subclade
139  containing the Colombian accessions of B. coccinea/B. santanderensis and the lineage leading to B.
140  enricii, which contributed around 37% of the genetic material belonging to the ancestor of the

141 aforementioned subclade.

142 TICR (Tree Incongruence Checking in R) analysis indicated that a network-like model best described
143  the patterns of incongruence in the single-accession-per-species gene trees inferred during this study.
144  This method suggested an excess of outlier quartets (P= 1.240 x 10", X2 = 91.149), which differed
145  significantly from the CF values expected under a model containing only incomplete lineage sorting.
146  As such, a tree-like model was able to be rejected as an explanation for the observed relationships
147  between taxa in Brownea, suggesting that hybridization occurred over the course of its evolutionary

148  history.

149

150 Introgression dynamics across loci

151  Having examined the degree of historical reticulation among Brownea lineages, population genomic
152  data were generated with ddRAD sequencing and used to investigate recent introgression at a finer
153  taxonomic scale. More specifically, the degree of shared genetic variation was visualised for co-
154  occurring individuals of B. grandiceps and B. jaramilloi, which putatively hybridize in the wild.

155  Following this, in order to make inferences about the potential evolutionary significance of recent
156  introgression, the rates at which different loci introgress relative to the rest of the genome were

157  estimated for these taxa using genomic clines.

158  Intotal, ddRAD sequencing resulted in 640,898,950 reads between 350-550bp in length for 171
159 individuals. Among these reads, 28,503,796 (4.45%) were discarded due to poor recovery. There was

160  amean of 3,747,947 reads per individual, with an average coverage depth across all samples of 27.5x.


https://doi.org/10.1101/2019.12.12.873927
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2019.12.12.873927; this version posted December 12, 2019. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

161  Relatively high levels of shared genetic variation were observed among taxa, along with low levels of
162  genetic differentiation and only marginal differences in the amount of genetic variation, as shown by
163  the population genetic statistics calculated by the Stacks pipeline for the two Brownea species

164  (including B. “rosada”, which is grouped with B. grandiceps) (Supplementary Table 3). The Fy

165  calculated between B. grandiceps/B. “rosada” and B. jaramilloi was 0.111, representing a low degree

166  of fixation, and so a high amount of shared variation.

167  Patterns of shared genetic variation were visualised using principal component analysis (PCA) and a
168  genetic distance network inferred with the program SPLITSTREE 3. These analyses indicated a

169  distinct signature of admixture between B. grandiceps and B. jaramilloi. The PCA of SNP variation
170  inferred using the R package ggplot? (Fig. 4) indicated that the first principal component (PC1)

171  explained the largest proportion of the genetic variation among all the principal components (20.4%).
172 Individuals of B. grandiceps are tightly clustered along PC1, where the individuals of B. jaramilloi
173 show much more variability, with many individuals forming an intergradation between the two main
174  species clusters. Additionally, the B. “rosada” accessions appear to have clustered more closely to B.
175  grandiceps than to B. jaramilloi along PC1. PC2, which explained 10.7% of the variation in the SNP
176  data, shows a similar degree of variability in both B. grandiceps and B. jaramilloi, with two

177  accessions of B. “rosada” shown to cluster in between both species. This pattern is reflected by the
178  implicit network built using SPLITSTREE (Supplementary Fig. 3). SPLITSTREE recovered a

179  clustering of individuals into two main groups, largely representing B. grandiceps and B. jaramilloi,
180  with four putative hybrid individuals displaying an intermediate relationship between the two species
181  clusters.

182
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A fastSTRUCTURE analysis * was performed to further examine the degree of shared genetic
variation, as well as providing information on the population genetic structure of the two species. This
analysis indicated that there was a large amount of shared ancestry between the genotyped individuals
(Fig. 5), with evidence of extensive backcrossing due to the widely differing proportions of ancestry
in different individuals. Marginal likelihood comparison indicated that the best value of K (i.e., the
number of populations) was two, which was the value that resulted in the largest increase in marginal
likelihood (Amarginal tikelinood = 0.085, Supplementary Fig. 4A)). Since the ‘best’ value of K is an
estimate, fastSTRUCTURE plots generated with other K values are shown in Supplementary Fig. 4B.
In Fig. 5, it appears that most individuals identified as B. jaramilloi have, at least in part, some B.
grandiceps ancestry. In addition, the individuals identified as B. “rosada” appear to have inherited

most of their ancestry from B. grandiceps, with only a minimal contribution from B. jaramilloi. The

10
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same pattern was recovered from a fastSTRUCTURE run incorporating 40 random individuals from
each species, performed to account for any bias which may have been incurred by differences in
sample size (Supplementary Fig. 4C).
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A NEWHYBRIDS analysis *° (https://github.com/erigande/newhybrids) was used to categorize 169 of

171 genotyped individuals into different hybrid classes (pure, F1, F2, and backcrosses). This was
performed on three subsets of 500 loci due to the computational limitations of the program.
NEWHYBRIDS revealed that most hybrid individuals were the result of continued hybridization, with
pure B. grandiceps making up 73.9% of the genotyped population, and pure B. jaramilloi making up
21.9%. There were no F1 (first generation) hybrids identified by the subset of loci analysed, and all
hybrid individuals were either F2 hybrids (0.592%) or had a broad distribution of probabilities across
hybrid classes (3.55%). In the latter, the probability of any one hybrid class did not exceed 90%,

which was the threshold used to categorize individuals as belonging to a certain class.

Bayesian estimation of genomic clines (bgc) was utilised to determine whether any loci showed
outlying rates of admixture relative to the genome-wide average among all genotyped individuals.
This method estimates two parameters for each locus: a (the ‘direction’ of introgression) and B (the

‘rate’ of introgression), which were used to infer the impact of selection on introgressing loci. bgc

11
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215  recovered a signal of asymmetric introgression but did not detect any differential rates of

216  introgression between loci. Of the 19,130 loci under study, bgc recovered 251 loci (1.3%) with mostly
217  B. jaramilloi alleles among all individuals (i.e. with positive a estimates) and 1089 loci (5.69%) with
218  mostly B. grandiceps alleles among all individuals (i.e., with negative a estimates). However, no loci
219  displayed extreme rates of introgression relative to the average rate across the genome (i.e., there were
220  no statistically outlying B parameter estimates). The MCMC runs from which these results were

221  drawn showed adequate mixing (Supplementary Fig. SA-C).

222

223  Discussion

224 Our study represents the clearest documented case of reticulated evolution among Amazonian trees,
225  which was previously seen as an extremely rare phenomenon. We demonstrate that within Brownea, a
226  characteristic Amazonian tree genus, reticulated evolution has occurred over the course of its

227  evolutionary history, with evidence of introgression deep in the history of the genus and more

228  recently, between the closely related B. grandiceps and B. jaramilloi.

229  Phylogenetic network analysis suggested that introgression has taken place between Brownea lincages
230  in the past, with two separate hybridization events inferred and displayed in Fig. 3. The concordance
231  factors obtained from gene trees were not adequately explained by a tree-like model (i.e., one

232 accounting only for incomplete sorting of ancestral variation), suggesting that a network-like model
233  (i.e., one including introgression) best describes the diversification patterns within Brownea (P=

234 1.240x 10", X2 = 91.149). Hybridization mainly occurs between individuals which are

235  geographically overlapping, or have been so at some point in the past *'. Our findings are thus further
236  corroborated by the fact that both historical introgression events were between taxa that co-occur

237  (e.g., B. grandiceps, B. leucantha and B. birschelli on the Northern coast of Venezuela, and B.

238  coccinea, B. santanderensis and B. enricii within the Colombian cordilleras). This is also in

239  agreement with previous work 3°, which indicated that the ‘stem’ lineages within Brownea shared a

240  broad distribution across northern South America, which may have further facilitated earlier

12
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241 hybridization. Our study also recovered a low degree of support for inter-specific relationships (Fig.
242 2)and a high degree of incongruence among gene trees (Supplementary Fig. 1). These results can be
243 partially explained by introgression, rather than being caused purely by the stochasticity of lineage
244  sorting in large populations, which is suggested to be a common phenomenon in many rainforest trees
245  with large population sizes*. It seems that amongst closely-related species of Brownea it is likely that
246  divergence has not progressed to the point of complete reproductive isolation, as has been shown in
247  temperate Quercus species®’. Moreover, the low quartet scores and minimal gene-tree concordance
248  found at the species level in this study mirror those observed in Lachemilla, a montane neotropical
249  plant genus, in which gene tree discordance was shown to be explained by both historical and recent

250  hybridization .

251  Since the inferred events of ancient introgression both involved the common ancestors of two sets of
252 present-day species, they are likely to have occurred several million years in the past, before the

253  divergence of the descendent species. The inferred introgression events are likely to have occurred
254  since the Miocene period (~23Ma), as date estimates from previous work suggest that Brownea

255  originated around this time *°. Accordingly, it is unlikely that the inferred hybridization events are due
256  to ‘accidental’ hybridization between co-occurring species, merely producing maladapted F1 hybrids
257  which will eventually be outcompeted, fortifying the boundaries between species (a process known as
258  ‘reinforcement’ '). Rather, our results suggest a persistence of introgression over evolutionary time

259 within Brownea.

260  This investigation also uncovered a substantial signal of recent introgression between B. grandiceps
261  and B. jaramilloi in the Yasuni National Park 50ha plot located in the Ecuadorian Amazon, with
262  evidence of multi-generational ‘backcrossing’, further suggesting that hybridization does not always
263  result in reinforcement. All hybrid individuals exhibited some degree of backcrossing in the

264  NEWHYBRIDS analysis, which implies that hybrids persist over time. The low Fs; estimate for the B.
265  grandiceps/B. “rosada” and B. jaramilloi populations (0.11), in addition to the principal component
266  analysis (Fig. 4), the fastSTRUCTURE analysis (Fig. 5) and the SPLITSTREE plot (Supplementary

267  Fig. 3) indicated a high degree of shared variation between these lineages. All these approaches show

13


https://doi.org/10.1101/2019.12.12.873927
http://creativecommons.org/licenses/by-nc-nd/4.0/

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

bioRxiv preprint doi: https://doi.org/10.1101/2019.12.12.873927; this version posted December 12, 2019. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

that individuals cluster into two main groups, largely representing B. grandiceps and B. jaramilloi, as
well as a set of individuals forming an intergradation between the two main clusters. The individuals
which form a part of this intergradation were mostly identified as B. jaramilloi, although hybrid

individuals are also observed in the B. grandiceps cluster. The higher number of variant sites and the
higher nucleotide diversity () recovered for B. jaramilloi (Supplementary Table 3) could also reflect
the hybrid ancestry of many individuals identified as this species. A similar introgression-driven

increase in nucleotide diversity has been shown in closely-related species of Mimulus which undergo

asymmetric introgression *°.

The bgc analysis indicated that most introgression was asymmetric, with more loci containing mostly
B. grandiceps alleles (5.96% of all loci) than loci containing mostly B. jaramilloi alleles (1.3% of all
loci). Importantly, this bgc analysis also indicated that gene flow occurs largely at the same rate
across loci, since there were no outlying estimates of the f parameter. The excess of B. grandiceps
ancestry mirrors the asymmetry of introgression suggested by Fig. 5 and is likely driven by the
uneven population sizes of the two species. Brownea jaramilloi has only ever been observed in a
small part of the western Amazon ** and is much less populous than B. grandiceps, which occurs
across northern South America. More specifically, the disproportionate donation of alleles from B.
grandiceps may be due to ‘pollen swamping’, whereby pollen transfer from another, more populous
species is more likely than pollen transfer from less numerous conspecifics “°. Pollen swamping can
serve as a mechanism of invasion (e.g., in Quercus *"), and the associated asymmetric introgression
may lead to the extinction of the rarer species, especially when hybrids are inviable or sterile 5.
However, due to the ongoing introgression evident between B. grandiceps and B. jaramilloi it appears
that hybrids are not always sterile, or at least that ‘foreign’ alleles are not always subject to strong
purifying selection. The best evidence of this is the absence of loci with extreme values of the 3
parameter recovered by our bgc analysis. Extreme deviations in 3 are mainly expected in the presence
of gene flow when selection against hybrids is strong, resulting in underdominance and a paucity of

heterozygous sites 2.

14


https://doi.org/10.1101/2019.12.12.873927
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2019.12.12.873927; this version posted December 12, 2019. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

294  Further to this, the observed asymmetry in introgression could be caused by selection favouring

295  hybrid genotypes. The transfer of genomic regions which confer a selective advantage from a donor to
296  arecipient species (i.e. adaptive introgression) can result in a disproportionate amount of one species’
297  genome being present in hybrid individuals *°. This occurs when viable hybrids only tend to backcross
298  with one of the parental species, thereby introducing the other species’ genetic material into the first
299  in an asymmetrical fashion. Selection has been suggested as a driver for asymmetric introgression in
300 multiple plant genera, including Helianthus *° and Iris 3'. Accordingly, it is possible that selectively
301 advantageous alleles are passing between species (e.g., between B. jaramilloi and B. grandiceps)

302  through backcrossing events over many generations as observed by the fastSTRUCTURE and

303  NEWHYBRIDS analyses in this study 2. This may facilitate adaptation to new niches due to the

304  widening of the pool of variation upon which selection can act '®. However, it is difficult to ascertain
305  whether adaptive introgression has occurred without measuring the impact of introgression on

306  variation in the phenotype and its fitness effects °.

307  Studies such as ours that document hybridization between tree species within Amazonia, and within
308 tropical rainforests in general, are rare. Indeed, it was previously suggested that interspecific hybrids
309  between rainforest tree species are poor competitors, and that fertile hybrid populations are nearly
310 non-existent ®. While there is some evidence of introgression in tropical trees!!, most available studies
311  substantiating this are based on trees from other tropical regions or habitats (e.g., Shorea in Asia >34,
312  or Rhizophora in Indo-Pacific mangroves °°). Many of these other instances appear to occur only in
313  degraded habitats, or involve infertile first-generation hybrids with minimal backcrossing, which

314  contrasts with the findings of our study. Within Brownea we found evidence of introgression across
315  taxonomic, spatial and temporal scales, with evidence of backcrossing and a lack of selection against
316  hybrid genotypes. It is possible that a lack of selection against hybrids allows the passage of variation
317  between Brownea species, which may persist over evolutionary time and could help explain why we
318  found evidence of introgression both at macroevolutionary and microevolutionary scales. While it is

319  difficult to determine whether hybridization between Amazonian tree lineages is a more common

320  occurrence than previously thought, or whether it is a tendency unique to certain rainforest genera
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321  such as Brownea, it may be prudent to review how relationships among tropical tree lineages are

322  inferred. Accordingly, in order to understand the evolutionary relationships within such groups using
323  phylogenetic networks may provide additional insight into whether reticulate evolution has

324  contributed to diversification within Amazonian rainforest, which is among the most species-rich

325  environments on Earth 4! 3¢,

326

327  Methods

328  Phylogenetic analysis

329  Sequences from 226 nuclear genes were used to elucidate the evolutionary relationships between

330  Brownea species using a phylogenomic approach. DNA sequence data were generated from leaf

331  material collected from herbarium specimens and silica-gel dried accessions using targeted bait

332 capture. Targeted bait capture uses RNA probes to enable the sequencing of fragmented DNA, such as
333  that collected from historical natural history collections. Details of library preparation, hybridization
334  and sequencing are detailed in Supplementary Methods 1. Twenty-three of twenty-seven lineages

335  were sampled within the genus Brownea, including the three subspecies of B. coccinea and one

336  putative hybrid lineage (Brownea “rosada”, a putative hybrid of B. grandiceps and B. jaramilloi). In
337  total, 59 accessions were sampled within Brownea, as well as an additional 13 outgroup taxa from the
338  genera Macrolobium, Heterostemon, Paloue and Browneopsis, which form part of the ‘Brownea

339  clade’ (Leguminosae, subfamily Detarioideae 7). The list of accessions and their associated

340 information can be found in Supplementary Table 1.

341  DNA sequencing reads were quality-checked with the program FASTQC v0.11.3 %8, and were

342  subsequently trimmed using Trimmomatic v.0.3.6 3. This was done to remove adapter sequences and
343  to quality-filter reads, by removing reads that were too short or of poor quality, as assessed by their
344  phred-33 score. Following quality-filtering, loci were assembled using SPAdes v3.11.1 '° by the

345  HybPiper pipeline v1.2 %, and potentially paralogous loci were removed using the Python ®! script

346  ‘paralog investigator.py’, distributed with the HybPiper pipeline. All sequences were aligned by gene
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347  region using MAFFT v7.215 %, In order to infer gene trees for phylogenetic network analysis, the 226
348  gene regions were further refined to include only 20 taxa, representing a single accession per lineage
349  in Brownea, using Macrolobium colombianum as the outgroup taxon. Where applicable, samples were
350 chosen by comparing the sequence recovery of conspecific accessions and choosing the individual
351  with the best gene recovery. This resulted in 220 single-accession-per-lineage gene alignments.

352 Further details of quality filtering, read assembly and alignment of DNA sequencing reads are given

353  in Supplementary Methods 1.

354  Gene trees were generated for each of the 226 gene alignments using RAxML v.8.0.26 37 with 1,000
355  rapid bootstrap replicates and the GTRCAT model of nucleotide substitution, which is a parameter-
356  rich model and hence is most suitable for large datasets. Macrolobium colombianum was used to root
357  both the full and single-accession dataset analyses since it was the Macrolobium accession that was
358  present in the most gene alignments. The gene trees from both datasets were used to generate species
359 trees under the multi-species coalescent model in ASTRAL v.5.6.1 3. The heuristic version of ASTRAL
360  was used because gene trees were estimated for >30 taxa, and the default parameters for the program
361  were used for species tree inference. Monophyly was not enforced for individuals belonging to the
362  same species (the ‘-a” option in ASTRAL). Finally, discordance between gene trees was calculated and
363  visualised for the full dataset using the Java program PhyParts v0.0.1 %

364  (https://bitbucket.org/blackrim/phyparts). The pattern of incongruence between gene trees for each

365 node was then mapped onto the ASTRAL species tree using the Python script PhyPartsPieCharts v1.0

366 (https://github.com/mossmatters/MJPythonNotebooks).

367

368 Inferring ancient introgression

369  Phylogenetic networks were inferred for 220 gene trees from the single-accession-per-lineage dataset
370  to understand whether introgression occurred over the course of the evolutionary history of Brownea.
371  Networks were inferred with the program SNaQ!/, implemented in the Julia v0.6.4% package

372 PhyloNetworks v0.11.0 %, Networks were estimated using gene trees from the single-accession-per-
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373  lineage dataset as per the assumptions of the program, which requires that each tip of the phylogenetic
374  trees represent a single lineage. This dataset contained 20 taxa from the genera Brownea, Browneopsis
375  and Macrolobium. The network with the number of hybridization events (/%) best describing the data
376  was chosen using negative log pseudolikelihood comparison. Finally, the topologies of the gene trees
377  were compared with those of the best-fit phylogenetic network and those expected under a coalescent
378 model (i.e., a ‘tree-like’ model which accounts for incomplete lineage sorting but not hybridization).
379  The fit of the observed gene tree topologies to either the ‘network-like’ or the ‘tree-like’ model was
380  assessed using the Tree Incongruence Checking in R (TICR) test %, implemented in the R v3.4.4
381  package PHYLOLM . Proportions of genes contributed between lineages by hybridization events
382  were taken from the ‘Gamma value’ output of PhyloNetworks. Further details of phylogenetic

383  network analysis are contained in Supplementary Methods 1.

384

385 Population-level introgression

386  The architecture and rates of introgression across the genome were examined using two ecologically
387  divergent Brownea species which co-occur in the Ecuadorian Amazon. In order to do this we used
388  ddRADseq ®, a reduced-representation genotyping approach which uses restriction enzymes to

389  fragment genomic DNA to generate many thousands of sequence markers de-novo for SNP discovery.
390  One-hundred and seventy-one specimens in total were genotyped using dried leaf material. Sampling
391  consisted of 128 individuals of Brownea grandiceps, 40 individuals of B. jaramilloi and three

392  individuals of B. “rosada” (the putative hybrid of B. grandiceps and B. jaramilloi), representing the
393  relative abundance of each species in the forest plot from which they were sampled. Leaf material was
394  collected from Brownea trees in the Yasuni National Park 50ha forest plot in Napo, Ecuador, and

395  dried in a herbarium press. The sample list is shown in Supplementary Table 2. Sampling, library

396  preparation and sequencing protocols are explained further in Supplementary Methods 2.

397  DNA sequencing reads from the ddRADseq genotyping were processed de novo (i.e., without the use

169

398 ofareference genome) using the Stacks pipeline v2.1 ©. Reads were quality filtered using Stacks by
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399  removing reads which were of poor quality (i.e., had a phred score <10), following which ‘stacks’ of
400 reads were created, and SNPs were identified among all de novo ‘loci’ and across individuals. This
401  was done using a minimum coverage depth (the ‘-m’ flag in Stacks) of three and a within-individual
402  mismatch distance (-M) of seven nucleotides. Individuals with sequencing coverage under 7.5x were
403  removed. Loci found in fewer than 40% of individuals and sites with a minor allele frequency

404  threshold of 5% were filtered out using the ‘populations’ module of Stacks.

405  This resulted in a dataset containing 22,046 loci with 120,085 SNPs for 171 individuals. A dataset
406  containing only one SNP per locus was also extracted using the Stacks populations module for use in
407  analyses which assumed no linkage disequilibrium. This subsetting resulted in a dataset containing
408 19,130 loci with 19,130 SNPs for 171 individuals. Details of read assembly and filtering are shown in

409  Supplementary Methods 2.

410  In order to understand the patterns of introgression at the population level, the full ddRAD dataset was
411  used to visualise the degree of shared variation between B. grandiceps and B. jaramilloi. This was
412  performed using principal component analysis implemented in R v3.4.4, followed by plotting with
413 ggplot2 7, and by producing a neighbour net plot in SPLITSTREE v4.14.6 *®. Furthermore, the single-
414  SNP-per-locus dataset containing 19,130 RAD loci was used to infer population structure with the
415  program fastSTRUCTURE v1.0 *°. The number of populations (K) was chosen using the value which
416  provided the largest improvement in marginal likelihood. Finally, NEWHYBRIDS v1.1 %°

417  (https://github.com/erigande/newhybrids) was used to categorise individuals into different hybrid

418  classes, using three runs of 500 randomly subsetting ddRAD loci. Runs were performed with 50,000

419  MCMC sweeps following 50,000 burn-in sweeps under the default parameters of the program.

420  The relative ‘rate’ and ‘direction’ of introgression for each locus between the two Brownea species
421  was estimated using Bayesian estimation of genomic clines (bgc) v1.03 7!, For each locus, bgc

422  compares the probability of ancestry at the locus relative to an individual’s genome wide ancestry,
423  thereby allowing it to estimate two parameters for each locus. These parameters are o, which roughly
424  equates to the ‘direction’ of introgression, and B, which may be summarised as the ‘rate’ of

425  introgression for a locus 27!, In order to estimate these parameters from the single-SNP dataset
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426  consisting of 19,130 RAD loci, 50,000 MCMC generations with a 50% burn-in were used in bgc.
427  Admixture proportions (i.e., mean Q values) generated by fastSTRUCTURE were used to assign each
428  individual to three populations (Brownea grandiceps, B. jaramilloi and admixed). Convergence was
429  checked for the MCMC output from bgc in Tracer v1.6 "> and with the R package coda ™ using

430  Geweke’s diagnostic ™. Loci with significant ‘excess ancestry’ were identified by ascertaining

431  whether the 99% posterior probability estimates of the a and B parameters included zero (i.e., by

432  identifying positive or negative non-zero estimates of the parameters). In addition, loci which were
433  extreme ‘introgression outliers’ were identified for both parameters by identifying loci whose median
434  estimates were not included in the 99% posterior probability credible intervals 7!. Further details of
435  visualising shared variation, hybrid category assignment and bgc analysis are shown in

436  Supplementary Methods 2.
437

438  Data Availability

439  The datasets that support the findings of this study are available from online repositories. All raw
440  reads generated with the targeted bait capture and ddRADseq methods are available on the NCBI
441  Sequence Read Archive with the accession numbers SAMN13439069- SAMN13439140 and

442  SAMN13441804- SAMN13441974, respectively, under the Bioproject number PRINA592723. All
443  full phylogenomic sequence alignments, single-accession-per-species alignments and tree files, bgc
444  input files, Stacks output files and the Detarioideae bait kit sequence file are found on Dryad

445  (https://doi.org/10.5061/dryad.k3j9kd53w). The full phylogenomic sequence alignments underlie the

446  phylogeny in Fig. 2, while the single-accession-per-species alignments and tree files underlie Fig. 3.
447  The variant call format (VCF) and Structure files provided on Dryad underlie Fig. 4 and Fig. 5. Data
448  are under embargo until publication, and any further data required are available from the

449  corresponding author upon request. A reporting summary for this article is available as a

450  Supplementary Information file.
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633

634  Figure Legends

635  Figure 1: Two co-occurring Brownea lineages (Brownea grandiceps (photograph © Rowan Schley)
636  and Brownea jaramilloi (photograph © Xavier Cornejo)) as well as their putative hybrid Brownea

637  “rosada” (photograph © J. L. Clark).

638

639  Figure 2: ASTRAL species tree inferred from RAxML gene trees using the multi-species coalescent
640 model. Numbers at nodes of the tree signify local posterior probability (LPP) values, a measure of
641  support for each quadripartition. Taxa within the red box belong to the ‘Grandiceps’ subclade, taxa
642  within the green box belong to the ‘Coccinea’ subclade, taxa within the pink box represent the

643  ‘Stenantha’ subclade and those within the blue box belong to the ‘Chocoan’ subclade. Images show
644  inflorescences of species within Brownea- species shown are, from top to bottom: B. grandiceps
645  (photograph © Rowan Schley), B. jaramilloi (photograph © Xavier Cornejo), B. macrophylla
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646  (photograph © Bente Klitgaard), B. coccinea subsp. capitella (photograph © Xavier Cornejo), B.
647  longipedicellata (photograph © Domingos Cardoso) and B. multijuga (photograph © Bente

648  Klitgaard).

649

650  Figure 3: Phylogenetic network with one hybridization event (2 = 2), estimated using SNaQ! in the
651  Julia package PhyloNetworks. Light blue horizontal branches indicate inferred hybridization events,
652  and numbers next to the branches show the estimated proportion of genes contributed by each lineage
653  in the hybridization event. Red branches signify the ancestral lineage and what proportion of the

654  modern lineage’s genes were contributed from it. Taxa were chosen in order to represent one

655  accession per lineage, as per the assumptions of PhyloNetworks, and the individual with the highest
656  gene recovery was used for each lineage. Coloured boxes containing taxa are described in the legend

657  of Fig. 2.

658

659  Figure 4: Principal component analysis of genotype data for all SNPs inferred at all loci. Individuals
660  are coded by colour and point shape: red circles denote individuals identified as B. grandiceps, yellow
661  circles denote individuals identified as B. jaramilloi, and blue triangles denote putative hybrid

662  individuals (B. “rosada”). The amount of the genetic variation explained by each principle component

663  is shown next to axes, which are labelled PC1 and PC2.

664

665  Figure 5: fastSTRUCTURE plot, indicating ancestry proportions for two populations (K = 2). The
666  ‘populations’ correspond to two different species: B. grandiceps (shown in red) and B. jaramilloi
667  (shown in yellow). Each individual accession is represented by a column, and the proportion of
668  ancestry from either species (mean Q) is proportional to the length of different coloured bars in each
669  column. Individuals identified as B. “rosada” are marked with a blue box and a blue triangle beneath
670  their column. All taxa to the left and right of these boxes were identified as B. jaramilloi and B.

671  grandiceps, respectively.
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