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386
387

388 Figure 3. (a and b) Schematics of flower color divergence due to reinforcement in two species
389  of Phlox to prevent maladaptive hybridization with another species in sympatry. (a) P.

390  drummondii (red) has similar light-blue colored flowers to P. cuspidata (pink) in allopatry but P.
391 drummondii has evolved dark-red flowers in sympatry to reduce hybridizing with P. cuspidata.
392  (b) In allopatry P. pilosa subsp. pilosa North (light blue) has similar pink colored flowers to P.
393  glaberrima subsp. interior (dark blue), but where they co-occur in high frequency in sympatry,
394  P. pilosa subsp. pilosa North has evolved white flowers to reduce hybridizing with P.

395 glaberrima subsp. interior. (c and d) Best fit models from TreeMix inferred gene flow between
396 P. cuspidata and dark-red P. drummondii (c) (best fit m=2) but did not support evidence of gene
397  flow between P. glaberrima subsp. interior and either color morph of P. pilosa subsp. pilosa
398  North (d) (best fit m=1).

399
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topologies with a P. cuspidata individual sampled from sympatry. Our best fit model (m=2) of
the P. drummondii subtree in TreeMix recovered P. cuspidata out to P. drummondii and P.
roemeriana with a migration event going from P. cuspidata into dark-red sympatric P.
drummondii (Fig. 3c). This migration edge remained present for all models m >2
(Supplementary Fig. S4, S9). These results support the hypothesis of gene flow occurring
between sympatric P. drummondii and P. cuspidata but do not show evidence of gene flow
between allopatric P. drummondii and P. cuspidata.

In P. pilosa subsp. pilosa, reinforcement against hybridization with P. glaberrima subsp.
interior has favored the divergence of P. pilosa subsp. pilosa flower color from pink to white
(Fig. 3b). Our phylogenetic analyses demonstrate the white P. pilosa subsp. pilosa populations
are monophyletic and nested within a group of pink P. pilosa subsp. pilosa in the P. pilosa North
group and polyphyletic from the rest of P. pilosa subsp. pilosa South (Fig. 2). This discovery
changes the context of this evolutionary scenario, with P. pilosa subsp. pilosa North more
closely related with P. glaberrima subsp. interior than previously thought.

Unlike reinforcement in P. drummondii, the ranges of P. pilosa subsp. pilosa North and
P. glaberrima subsp. interior are mosaic and cannot be distinctly divided as geographically
allopatric or sympatric (Levin and Kerster 1967). Therefore, we grouped our tests for
introgression by flower color phenotype of the P. pilosa subsp. pilosa North individuals, the
ancestral pink flower color and the derived white flower color that evolved by reinforcement,
instead of by geography. Our analyses show both an inconsistency in the direction D deviated
from zero and a lack of significant signature of gene flow between P. glaberrima interior with
pink flowered (N=360) and white flowered (N=180) colored P. pilosa subsp. pilosa North (Table

2). All TreeMix models of the P. pilosa subsp. pilosa North subtree recovered similar topologies
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to our ML phylogenetic inferences but no migration events involving pink or white P. pilosa
subsp. pilosa North (Fig. 3d; Supplementary Fig. S5, S9).

Evidence of Divergence and Gene Flow Underlying Hypotheses of Putative Homoploid Hybrid
Species

The eastern standing Phlox have five hypothesized cases of homoploid hybrid speciation
(Table 1). We leveraged our phylogenetic reconstructions and tests for gene flow to ask if these
hypotheses are supported with phylogenetic evidence; specifically, if putative hybrid species sit
nested within or sister to one of its hypothesized parental species and demonstrating a signature
of gene flow, and therefore hybridization, with its other putative parental species.

Our ML and coalescent based phylogenetic inferences show support for four of the five
putative hybrids sitting nested or within one of their putative parents (Fig. 2, Supplementary Fig.
S1, S2, S3); P. amoena subsp. lighthipei within P. amoena subsp. amoena, P. maculata subsp.
pyramidalis within P. maculata subsp. maculata, P. argillacea within P. pilosa subsp. pilosa
North, and P. pilosa subsp. detonsa in P. pilosa subsp. pilosa South. P. pilosa subsp. deamii was
not found out or within P. pilosa subsp. pilosa South or P. amoena subsp. amoena, consistent
with (Goulet-Scott et al. 2021).

D-statistic tests for gene flow did not find support for gene flow between three of the
putative hybrid species and their putative second parental species, P. amoena subsp. lighthipei
with P. pilosa subsp. pilosa South (N=624), P. argillacea with P. glaberrima subsp. interior
(N=270), and P. pilosa subsp. detonsa with P. carolina subspecies (N=90) (Table 3). Our
TreeMix analyses generally recapitulated similar topologies of the ML phylogenetic inferences
but found no support for gene flow underlying these hypotheses (Supplementary Fig. S5, S6, S7,

S9).
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449
450

451  Figure 4. Results from TreeMix support the hybrid speciation hypothesis for P. maculata

452  pyramidalis in a pruned subtree (best fit m=4). Modeling of 4,490 unlinked SNPs for individuals
453  clustered by taxon identity inferred P. maculata subsp. pyramidalis sister to P. maculata subsp.
454  maculata and receiving a migration event (gene flow) from P. glaberrima subsp. interior.

455

456  However, our D-statistic tests did identify strong support for gene flow between P. glaberrima
457  subsp. interior and P. maculata subsp. pyramidalis, with significantly negative values in 63 of 70
458  tests. We found no evidence of gene flow between P. glaberrima subsp. interior and P. maculta
459  subsp. maculta, N=160 (Table 3). All models of the pyramidalis subtree in TreeMix (best fit

460  m=4) confirmed this result, with a migration edge from P. glaberrima subsp. interior into P.

461  maculta subsp. pyramidalis (Fig. 4, Supplementary Fig. S8, S9). These results are
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consistent with P. maculata subsp. pyramidalis as a hybrid lineage arising from P. maculata

subsp. maculata and P. glaberrima subsp. interior parental lineages.

Inferring Origins of Allotetraploid Hybrid Species

Hybridization of divergent diploid genomes formed four, reproductively isolated,
tetraploid Phlox species (Table 1) (Levin 1966a, 1968; Smith and Levin 1967). P. villosissima
subsp. villosissima and P. villosissima subsp. latisepala are thought to be independent polyploid
hybridization events between P. pilosa subsp. pilosa South and P. drummondii. P. floridana is
hypothesized to be the product of P. pilosa subsp. pilosa South and P. carolina subsp. angusta,
and finally, P. buckleyi contains two discordant diploid karyotypes not observed elsewhere and
the ancestors are hypothesized to be extinct (Wherry 1955). We leveraged comparative read
mapping to infer subgenome ancestry of these taxa and evaluate their hypothesized origins.

We concatenated ddRAD loci to generate reduced consensus sequences for each of the 28
diploid species. Each consensus was 439,271 bp long with a locus missingness rate of 25%. For
one test representative of each diploid species, an average of 37,948 reads mapped with high
quality to the consensus multi-sequence FASTA file. The distribution of mapping rates across
consensus sequences demonstrated a clear ability to assign ancestry of diploid genomes, with the
consensus receiving the highest relative proportion of mapped reads corresponding to the known
identity of the diploid individual (Supplementary Table S4).

We repeated this mapping for each allotetraploid, with an average of 17,737 high-quality
mapped reads per polyploid individual. We observed a more diffuse read mapping rate across
consensus sequences relative to the test diploid taxa, yet clear patterns of elevated read mapping

constrained to specific subclades (Fig. 5). Reads of P. villosissima subsp. vollosissima and P.
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485  villosissima subsp. latisepala mapped primarily to the P. pilosa South group and the Texas
486  annuals, with each receiving 30-34% and 22-26% of the mapped reads respectively. Within these
487  two groups the top recipients of mapped reads were P. pilosa subsp. pilosa South and P.
488  cuspidata for all three allotetraploid individuals. P. floridana showed a similar high mapping rate
489  to the P. pilosa South group (34%), with most reads mapping to P. pilosa subsp. pilosa South

490 and second most to P. pilosa subsp. detonsa. Contrary to the hypothesized origins of this species,

P. drummondii P. floridana P. buckleyi
(620-17-1) (OPGC-3933) (OPGC-4054)
0 0.05 0.10 0.15 020 O_ 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Proportion of Mapped Reads Proportion of Mapped Reads Proportion of Mapped Reads
P. villosissima subsp. latisepala P. villosissima subsp. latisepala P. villosissima subsp. villosissima
(OPGC-3962) (OPGC-3963) (OPGC-3965)

P amoena subsp, amoena
P amoena subsp. Nghthipei wees
o 002 004 006 008 010 012 014

cl‘
c‘l

0.02 004 008 0.08 0.10 012 014 0.02 0.04 0.06 0.08 .10

Proportion of Mapped Reads Proportion of Mapped Reads Propaortion of Mapped Reads

491

492  Figure 5. Proportion of reads mapped to diploid species-level consensus sequences for a diploid
493  representative of P. drummondii and all allotetraploid hybrid individuals. Bar colors correspond
494  to diploid species groups in Figure 2.

495
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we did not observe elevated read mapping to the P. carolina subspecies consensus sequence.
Instead, we observed elevated read mapping to P. amoena subsp. amoena. Finally, P. buckleyi
showed high rates of read mapping to taxa within the deeper branch of the eastern standing
Phlox, with highest rate of mapping to the P. ovata, P. pulchra, P. glaberrima subsp. triflora

clade (38%), with highest recipients being P. pulchra and P. ovata.

DISCUSSION

Phylogenomic inferences of species relationships and explicit tests for interlineage gene
flow provide a systematic way for inferring the presence, extent, and context of hybridization
and gene flow across a phylogeny. Here we present well-resolved phylogenetic relationships of
the eastern standing Phlox. We demonstrate clear support for most described species
relationships and reveal novel non-monophyletic relationships of subspecies in the historically
taxonomically difficult P. pilosa and P. glaberrima/ P. carolina/ P. maculata species complexes.
Using this phylogenetic framework, we find support for one case of hypothesized homoploid
hybrid speciation event, identify the putative ancestries of multiple polyploid species, and find
evidence of gene flow in one of two cases of reinforcement. Our findings demonstrate the utility
and importance of phylogenomics in confirming hypothesized evolutionary histories of non-
model systems and add to the growing evidence that gene flow across species boundaries can
play a role in the generation of novel biodiversity.
Evolutionary Relationships of the Eastern Standing Phlox

For nearly one hundred years, the eastern standing Phlox have been a foundational
system for understanding plant evolution, yet despite previous phylogenetic study on this clade

(Ferguson et al. 1999; Ferguson and Jansen 2002; Roda et al. 2017; Landis et al. 2018; Goulet-
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Scott et al. 2021), the evolutionary relationships of these taxa have remained unclear. Our
phylogenomic inferences on genome-wide ddRAD sequence data clarifies the evolutionary
relationships of the taxa in this group and provides insight into their diversification.

Historic treatments of the eastern standing Phlox have grouped the species by
conspicuous differences in style length (Wherry 1930, 1931, 1932, 1955). Unlike prior
phylogenetic studies, we observe support for a large monophyletic clade of short-styled taxa
subtended by multiple paraphyletic clades of long-styled taxa (Fig. 2). Divergence in style-length
can generate reproductive isolation (Kay 2006; Brothers and Delph 2017), and this transition
from long to short style-length may have reduced competition and stimulated the diversification
of the short-styled clade.

Our phylogenetic analyses recapitulate previously inferred relationship of the Texas
Annuals species, as observed (Roda et al. 2017) but not in other studies (Ferguson et al. 1999;
Ferguson and Jansen 2002; Landis et al. 2018). We also find clear monophyletic support for the
P. amoena and P. divaricata species groups.

In the taxonomically more difficult P. glaberrima/ P. carolina/ P. maculata complex, we
find support for non-monophyletic relationships among subspecies (Fig. 2). Notably, P.
glaberrima triflora is phylogenetically distinct from the rest of the interdigitated taxa of this
species complex. Additionally, the subspecies of the P. pilosa complex form two distinct
polyphyletic groups roughly coinciding with their relative northern or southern location of
origin, as suggested in (Goulet-Scott et al. 2021). The one exception is P. pilosa subsp.
sangamonensis which genetically clusters with the southern clade but is found in the north (Fig.
1); A discovery consistent with the allopatric speciation hypothesis of P. pilosa subsp.

sangamonensis arising by long-distance dispersal from southern populations of P. pilosa subsp.
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542  pilosa (Levin and Smith 1965; Levin 1984). The non-monophyletic relationship among the
543  northern and southern P. pilosa taxa and within P. glaberrima were suggested in previous
544  phylogenetic studies, but remained uncertain due to low phylogenetic supports and reliance on
545  single genetic loci (Ferguson et al. 1999; Ferguson and Jansen 2002; Landis et al. 2018).
546 Taxonomic delineations within Phlox are largely based on morphological characteristics
547  (Wherry 1955; Locklear 2011a), yet our phylogenetic inferences demonstrate current taxonomy
548  may not best reflect the true evolutionary relationships of some taxa within the eastern standing
549  Phlox group. Discovery of these new phylogenetic relationships also reframe the phylogenetic
550  context of the historic discussions on hybridization, gene flow, reinforcement, and hybrid
551  speciation within this system, as discussed below.
552  Evolution of Reinforcement With and Without Gene Flow
553 Interspecific hybridization can play an important role in speciation by generating
554  selection for reinforcement. However, limited empirical study has evaluated if this hybridization
555  also resulted in reinforcement evolving in the face of gene flow (Garner et al. 2018). We applied
556  D-statistics and TreeMix to assess if a history of gene flow coincides with the evolution of
557  flower color divergence by reinforcement in P. drummondii and P. pilosa subsp. pilosa North
558  (Fig. 3).
559 Divergence from light-blue to dark-red colored flowers in P. drummondii has evolved to
560  prevent hybridization with P. cuspidata (Levin 1985; Hopkins and Rausher 2012). Our
561  geographically widespread sampling of these species revealed evidence of introgression between
562  P. cuspidata and multiple dark-red P. drummondii individuals from across the range of sympatry
563  but not between P. cuspidata and any allopatric light-blue P. drummondii. The significant

564  signature of gene flow in sympatry but not allopatry mirrors the classic evolutionary model of
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divergence due to reinforcement to reduce hybridization in sympatry but not in allopatry (Garner
et al. 2018). This pattern also suggests the signal of gene flow is the product of hybridization in
sympatry and not due to ancient introgression between the P. cuspidata and P. drummondii
lineages. Our results corroborate previous inferences from transcriptome sequencing of single
individuals of each species (Roda et al. 2017). Although F1 hybrids are highly sterile and have
reduced ability to backcross in the lab (Suni and Hopkins 2018), our results demonstrate hybrids
do backcross in nature, resulting in gene flow between the species. Reinforcement for increased
reproductive isolation in P. drummondii evolved despite gene flow in sympatry.

Conversely, our analyses do not support a history of gene flow coinciding with
hybridization and reinforcement between P. pilosa subsp. pilosa North and P. glaberrima subsp.
interior. These two species overlap for most of their ranges but co-flower in higher frequency at
the lower tip of lake Michigan. In this zone of elevated contact, P. pilosa subsp. pilosa North has
evolved from pink to white colored flowers, reducing the formation of hybrid seed by half in
sympatry, making it more adapted to coexist with P. glaberrima subsp. interior (Levin 1966a;
Levin and Kerster 1967; Levin and Schaal 1970b, 1970a, 1972). Phylogenetic distance (Fig. 2)
and barriers to reproduction between these taxa are higher than between P. cuspidata and P.
drummondii, but experimental crosses demonstrate these species can generate hybrid seed, with
P. pilosa subsp. pilosa North as the maternal parent (Levin 1966a). Our results do not detect
gene flow between P. pilosa subsp. pilosa North and P. glaberrima subsp. interior regardless of
flower color (Fig. 3; Table 2). This lack of gene flow suggests hybrid offspring between these
taxa may be completely inviable, lethally maladapted, or have exceedingly high sterility.

The absence and presence of gene flow in these two case studies of reinforcement yield a

powerful comparative opportunity to investigate the dynamics by which reproductive trait
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divergence, and flower color specifically, evolves by selection. For reproductive trait divergence
to evolve by reinforcement, alleles conferring increased assortative mating within a species must
remain associated with alleles causing costly hybridization between species (Servedio and
Kirkpatrick 1997; Kirkpatrick 2000). When gene flow between species is present, recombination
can disassociate these alleles, impeding successful divergence. Yet, we find the same trait
evolving due to similar types of selection in two Phlox species despite gene flow occurring
alongside one case but not the other. This result may be the consequence of differing genetic
architectures and genetic linkage underlying the cost of hybridization and flower color between
these cases. For example, strong genetic linkage between loci causing postzygotic
incompatibility and flower color divergence can reduce recombination between these traits and
allow buildup of linkage disequilibrium and the successful evolution of stronger reproductive
isolation in sympatry. Further investigation of the genetic architecture underlying reproductive
isolating barriers across these Phlox species will better inform the role of trait architecture in the

evolution of reinforcement.

Varying Support for Hypothesized Homoploid and Allotetraploid Hybrid Species

Within the eastern standing Phlox there are five hypothesized homoploid hybrid species
and four hypothesized allopolyploid species (Table 1). We only observed genomic support for P.
maculata subsp. pyramidalis being a homoploid hybrid species between P. maculata subsp.
maculata and P. glaberrima subsp. interior. P. maculata subsp. pyramidalis is found
phylogenetically closely related to multiple P. maculata subsp. maculata individuals (Fig. 2)
with a strong signal of receiving gene flow from P. glaberrima subsp. interior (Fig. 4; Table

3.). We can conclude our sampled P. maculata subsp. pyramidalis is of hybrid origin, however
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future work will be necessary to discern if the hybrid origin of P. maculata subsp. pyramidalis
actually gave rise to reproductive isolation of its lineage from its putative parental species
(Schumer et al. 2018).

The remaining four hypothesized cases of homoploid hybrid speciation were not
supported by our genomic investigation, despite extensive phenotypic and biomolecular
evidence. In the cases of P. amoena subsp. lighthipei, P. argillacea, and P. pilosa subsp. detonsa
the lineages thought to be hybrid in origin may simply be divergent geographically isolated
populations from one of their hypothesized parental lineages. Yet in the case of P. pilosa subsp.
deamii, the lineage is distantly related to both hypothesized parents and may possesses
phenotypic traits resembling these species through convergence or incomplete lineage sorting.

Polyploid hybrid lineages can be significantly easier to identify than homoploid hybrids
through chromosome structure and counts. Despite this advantage, inferring the exact
evolutionary origin of these lineages remains challenging (Rothfels 2021). Although the signals
from our comparative read mapping are coarse, our approach suggests the identity of the
progenitor clades that gave rise to the polyploid hybrid species in this group. We provide further
support that P. villosissima subsp. latisepala and P. villosisima subsp. villosissima are derived
from P. pilosa (P. pilosa subsp. pilosa South) and a Texas annual species. P. drummondii was
previously hypothesized as the parent but our analyses cannot resolve which of the Texas annual
species or ancestor is the parent. As previously hypothesized, we find support for one parent of
P. floridana to be P. pilosa subsp. pilosa South, yet we find evidence that P. amoena subsp.
amoena may be the second parent instead of the P. carolina subspecies. We also observe P.
buckleyi is genetically similar to the early-diverging long-styled Phlox, but we cannot confirm

the specific parental lineages from this group. Future work using longer haplotype phase may
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help resolve the evolutionary origins of these species and better inform the dynamics and
evolutionary trajectory of these allopolyploid species.

Across both the hypothesized homoploid and polyploid hybrid lineages, the P. pilosa
group has stood out as a potential and realized hotspot of hybridization activity. Four of the five
hypothesized homoploid hybrid lineages and three of the four polyploid lineages were thought to
include P. pilosa subsp. pilosa as a parent. While our analyses indicate that none of the
hypothesized homoploid hybrid lineages have hybrid origin with P. pilosa subspecies, three of
the four hypothesized polyploid hybrid lineages are derived from P. pilosa subsp. pilosa South
subspecies ancestry.

What has made P. pilosa prime for a role in these hypotheses? Notably the high
occurrence of P. pilosa subspecies across their composite broad range has not only led to them
being found in sympatry to many species, but potentially also as indicators of locally adapted
phenotypes across these environments. P. pilosa’s developmental biology may also make it
prone to evolutionary innovation, with many populations observed having high rates of
unreduced gametes and whole genome duplications across their range. Future work may help
address what factors underly this developmental instability and if it has an outsized role in the
generation of novel evolutionary lineages relative to other Phlox species.

Implications on Evolutionary History of Trait Variation

Now that we have a strong phylogenetic backbone for the evolutionary relationships of
taxa in the eastern standing Phlox, we can begin to untangle what forces have contributed to
patterns of phenotypic divergence throughout the clade. Much of the data supporting the role of
hybridization in speciation in this group stemmed from trait variation between distantly related

lineages. Our findings support hybridization has likely contributed to some of the phenotypic
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variation observed across taxa in these cases, both as a source of genetic variation and force for
selective divergence. Further study of these confirmed cases may inform how specific traits and
even genes move between species and contribute to reproductive isolation between lineages.

Our findings also indicate that forces other than hybridization may be responsible for
convergent and recombinant patterns of trait variation across Phlox. Our lack of support for
many hypothesized cases of hybridization motivates future investigation of what did give rise to
the patterns of trait variation across and within these lineages. Further research into these taxa
and their phenotypic variation may provide new insights into the importance of convergent

evolution and/or incomplete lineage sorting to local adaptation within a species.

CONCLUSION

Hybridization between species can be an important force shaping the patterns of
evolution across clades. For example, decades of research have suggested that hybridization and
gene flow are extensive across the eastern standing Phlox and have directly played a role in their
speciation. With the accessibility of genomic data and improved analyses, we are now able to
test these hypotheses. We have built a robust phylogenetic framework using genome-wide
markers to better understand the relationship between these well-studied species and document
the occurrence of gene flow. We have determined hybridization has served as an important
creative force in the generation of diversity in this clade, however it may not be as prevalent as
previously thought. We do find evidence suggesting hybrid speciation and gene flow during
reinforcement, but we also find a lack of support for many hypothesized cases of gene flow in
the formation of evolutionary novel lineages. These lineages may just be the product of trait

divergence within a species separate from interspecific genetic exchange. Our work suggests a
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strong need to reevaluate our previous evidence for the existence of gene flow, and to rethink our

expectations of how traits diverge within and between closely related species.
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