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Abstract

Understanding the drivers and constraints of species formation is at the heart of evolutionary
research. The processes that give rise to new species often involve colonization of novel
ecological niches and the evolution of novel traits, achieved through an intricate interplay of
environment, phenotype and genotype. Modern high-throughput sequencing enables to
resolve phylogenomic relationships and to investigate the genomic footprints of evolutionary
history. However, research on these topics in recent rapid radiations poses unique challenges:
a brief diversification period in adjacent habitats increases the probability of incomplete
lineage sorting and introgression among closely related taxa, confounding phylogenetic
signal and complicating phylogenomic inference. This thesis focuses on the evolutionary
history of the highly diverse and rapidly radiating genus Tillandsia (family Bromeliaceae).
This genus is the largest and most diverse within the family and presents a variety of
ecological adaptations to various habitats, mostly epiphytic and saxicolous. The first main
chapter reports the design and efficacy of a target capture bait set specific for Bromeliaceae,
devised to address evolutionary questions at both micro- and macro-evolutionary scales. The
set targets 1,776 single- and multi-copy genes, including some putatively associated with key
innovation traits. Using a wide sampling of members across the family with a particular focus
on Tillandsia, the taxon-specific bait set was compared to a universal bait set, the
Angiosperms353 kit. The comparison considered the kits’ performance for both
phylogenomics and population genetics, with the expectation that the taxon-specific kit will
obtain higher information content and provide increased utility in rapidly radiating clades,
compared with the universal kit. Despite retrieving higher information content in the taxon-
specific kit, we found that the universal kit performed comparatively well for phylogenomics
inference. However, the taxon-specific kit is preferable for detailed investigations, such as
estimation of gene tree incongruence and population genomics analyses. The second main
chapter explores phylogenomic relationships among 32 species in the clade Tillandsia,
focusing on rapidly-radiating central-American taxa from subgenus 7illandsia. Using whole-
genome resequencing data, we inferred relationships among species and explored the
evolutionary history of the clade using tree-based and network-based approaches. We found a
lack of monophyly and deviations from a tree-like structure, coupled with rampant gene tree

discordance. In contrast to classical hypotheses, the uncovered pervasive hybridization along
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the phylogeny suggests that the expansion of the subgenus from South into Central America
proceeded in several migration waves, followed by episodes of diversification and gene flow.
Focusing on hybridization, Patterson's D (ABBA-BABA) and related statistics were used to
describe the rates and timing of introgression events. Finally, we discussed the possible
contribution of interspecific gene flow to adaptive trait shifts. In summary, the thesis
generates novel insights into the evolutionary processes that contribute to a Neotropical rapid
radiation and offers future prospects for research in Bromeliaceae at large and specifically in

Tillandsia.
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Zusammenfassung

Das Verstindnis der Triebkrifte und Zwinge der Artenbildung steht im Mittelpunkt der
Evolutionsforschung. Die Prozesse, die zur Entstehung neuer Arten fiihren, beinhalten oft die
Besiedlung neuartiger 6kologischer Nischen und das Auftreten neuartiger Merkmale, die
durch ein kompliziertes Zusammenspiel von Umwelt, Phanotyp und Genotyp erreicht
werden. Die moderne Hochdurchsatzsequenzierung (HTS) ermdglicht es, phylogenomische
Beziehungen zu kldren und den genomischen FuBabdruck der Evolutionsgeschichte zu
untersuchen. Die Erforschung dieser Themen bei den jlingsten schnellen Ausbreitungen stellt
jedoch eine besondere Herausforderung dar: Eine kurze Diversifizierungsphase erhoht die
Wahrscheinlichkeit einer unvollstindigen Sortierung der Abstammungslinien und der
Introgression zwischen eng verwandten Taxa und verwirrt gleichzeitig die phylogenomischen
Signale, was die Schlussfolgerungen erschwert. Diese Arbeit konzentriert sich auf die
Evolutionsgeschichte der &uBerst vielfdltigen und sich schnell ausbreitenden Gattung
Tillandsia (Familie Bromeliaceae). Diese Gattung ist die grofite und vielféltigste innerhalb
der Familie und weist eine Vielzahl 6kologischer Anpassungen an verschiedene Lebensrdume

auf, die meist epiphytisch und felsbewohnend sind.

Das erste Hauptkapitel beschreibt das Design und die Wirksamkeit eines Target-Capture-
Bait-Sets fiir Bromeliaceae, das speziell entwickelt wurde, um evolutiondre Fragen sowohl
auf mikro- als auch auf makro-evolutionirer Ebene zu beantworten. Das Set zielt auf 1.776
Single-Copy- und Multi-Copy-Gene in allen Bromeliaceae ab, darunter auch Gene, die
vermutlich mit wichtigen innovativen Merkmalen in Verbindung stehen. Anhand einer
breiten Stichprobe von Mitgliedern der Familie mit Schwerpunkt auf 7illandsia wurde das
taxonspezifische Bait-Set mit einem universellen Bait-Set, dem Angiosperms353-Kit,
verglichen. Bei dem Vergleich wurde die Leistung der Kits sowohl fiir die Phylogenomik als
auch fiir die Populationsgenetik beriicksichtigt, wobei die Erwartung bestand, dass das
taxonspezifische Kit im Vergleich zum universellen Kit einen hoheren Informationsgehalt
und einen grofBeren Nutzen vor allem fiir die Forschung auf Populationsebene in sich schnell
ausbreitenden Kladen bieten wiirde. Trotz des hoheren Informationsgehalts des
taxonspezifischen Kits zeigte das universelle Kit eine vergleichsweise gute Leistung bei
phylogenomischen Schlussfolgerungen. Fiir detaillierte Untersuchungen, wie z. B. die
Abschiatzung der Genbauminkongruenz und populationsgenomische Analysen, ist das

taxonspezifische Kit jedoch vorzuziehen.
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Im zweiten Hauptkapitel werden die phylogenomischen Beziehungen zwischen 32 Arten der
Gattung Tillandsia untersucht, wobei der Schwerpunkt auf der mittelamerikanischen
Untergattung Tillandsia liegt. Unter Verwendung von Ganzgenom-Resequenzierungsdaten
haben wir die Beziehungen zwischen den Arten abgeleitet und die Evolutionsgeschichte der
Gattung mit Hilfe eines baumbasierten Ansatzes untersucht. Wir stellten fest, dass es keine
Monophylie und keine bauméhnliche Struktur gibt, und dass der Genbaum sehr uneinheitlich
ist. Im Gegensatz zu klassischen Hypothesen deutet die aufgedeckte weit verbreitete
Hybridisierung entlang der Phylogenie darauf hin, dass die Ausbreitung der Untergattung
nach Mittelamerika in mehreren Migrationswellen erfolgte, gefolgt von Episoden der
Diversifizierung und des Genflusses. Mit Blick auf die Hybridisierung wurden Pattersons D
(ABBA-BABA), verwandte Statistiken und ein modellbasiertes phylogenetisches Netzwerk
verwendet, um die Raten und den Zeitpunkt von Introgressionsereignissen zu beschreiben.
Schlieflich wurde der mogliche Beitrag des intraspezifischen Genflusses zu adaptiven
Merkmalsverschiebungen diskutiert. Zusammenfassend ldsst sich sagen, dass diese Arbeit
neue Erkenntnisse iiber die evolutiondren Prozesse liefert, die zu einer raschen neotropischen
Radiation beitragen, und Zukunftsperspektiven fiir die Forschung an Bromeliaceae im

Allgemeinen und an Tillandsia im Besonderen bietet.
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Introduction

The genetics of rapid evolutionary radiations

Biodiversity has transformed from an idiosyncratic research topic of highly specialised
scholars to an issue at the center of social, economic and political discourses (Escobar, 1998;
Gowdy, 1997; Shih et al., 2020; Watermeyer et al., 2021). The aspiration to understand the
mechanisms that promote speciation dates back to biologists of the evolutionary synthesis
and remains pivotal to evolutionary biology (Brown, 2014; Dobzhansky, 1937; Lewin et al.,
2018; Mayr, 1999; Pennisi, 2005; Terborgh, 2015). “What drives biological diversity?’ is a
question of multifaceted, interdisciplinary nature: diversity differs among taxonomic groups
and geographical regions and is determined by a complex interplay of past events, ecological
heterogeneity, phenotypic features and genetic makeup (Brown, 2014; Hillebrand, 2004;
Linder, 2008; Rabosky, 2009).

Rapid evolutionary radiations, defined as the generation of a large number of species
over a short time, give researchers the opportunity to link inherent traits and extrinsic
environmental processes. Much attention has been given to rapid radiations, which are so
pervasive among the Tree of Life some suggest they generated most of the extant biodiversity
(Givnish, 2015; Linder, 2008; Rabosky, 2009; Rundell & Price, 2009; Wiens, 2017). Within
the flourishing investigation of rapid radiations several taxa had been thoroughly studied, like
the African cichlid fishes (Brawand et al., 2014; Malinsky et al., 2015; Wagner et al., 2012),
Heliconius butterflies (Merrill et al., 2015; Van Belleghem et al., 2021) and Anolis lizards
(Losos, 2009; Losos, 1994; Stroud & Losos, 2020). Comparable, albeit more limited research
focused on plant groups, for example the New World genus Lupinus (Contreras-Ortiz et al.,
2018; Drummond et al., 2012), the Neotropical family Bromeliaceae (Givnish et al., 2014;
Palma-Silva & Fay, 2020), American live oaks (Cavender-Bares et al., 2015; Eaton et al.,
2015) and New Caledonian persimmons (Paun et al., 2016; Samuel et al., 2019). These
investigations of plant radiations already provided examples to the mechanisms of
diversification and yet much remains unexplored (de La Harpe et al., 2017; Linder, 2008;
Suarez-Gonzalez et al., 2018).

When a rapid increase in speciation rates is driven by the adaptation of organisms to

new ecological contexts, the process is termed adaptive radiation. Modern definitions of
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adaptive radiations developed and gained controversy, but all generally focus on an increase
in ecological diversity (Glor, 2010; Schenk, 2021; Schluter, 2000). Schluter (2000) posed
four criteria for the diagnosis of adaptive radiations: common ancestry, phenotype-
environmental correlation, trait utility and rapid speciation. The first and fourth criteria were
more deeply studied and fewer studies attempted to present functional evidence of a trait
utility and to identify significant correlation between phenotype and environment (Losos &

Miles, 2002; Schenk, 2021). Arguably, studies that focus on the tempo of diversification may

be overlooking the ecological aspects of adaptive radiation (Givnish, 2015; Schenk, 2021).

In order to describe the evolution of radiations through time, Naciri & Linder (2020)
offered a model focused on population genetic structure and trait genetic architecture:

® Initially, a taxonomic lineage disperses into a novel adaptive zone which is usually a
new geographic area. This stage may be driven by prior acquisition of traits that allow
that lineage to prosper or avoid stress in the novel habitat (Klak et al., 2004).
Evolutionary biologists often accompany this with the assumption of relaxed biotic
competition — either competitors for the same niche have not yet arrived or
antagonists like herbivores or diseases are absent. These hypotheses are termed the
ecological release and the enemy release hypothesis, respectively (Hughes et al.,
2015; Yoder et al., 2010).

o In the next two steps, the new lineage undergoes (1) geographical or (2) ecological
expansion or both. Range expansion happens rapidly and is assumed to be associated
with the appearance of novel adaptive traits, especially in the case of adaptive
radiations. These adaptations are termed ‘key innovations’, defined as traits that allow
a lineage to utilize novel niches (Stroud & Losos, 2016). Populations across the new
geographical range experience differing rates and types of selection, population
bottleneck, isolation by distance (IBD) or by environment (IBE; Prunier et al., 2017,
Sexton et al., 2014).

o As a consequence, populations that adapted sufficiently survive while others perish.
The remaining populations may speciate by achieving reproductive isolation or retain
genetic connectivity (Lexer et al., 2005; Linck & Battey, 2019; Nei et al., 1983; Nosil,
2008).

The conditions that favour rapid diversification have been rigorously explored in the

last few decades with the quick progression of new sequencing technologies. Molecular
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biologists studying rapid radiations usually address several challenges: (1) recognizing the
evolutionary processes that drive or limit divergence; (2) exploring the balance between
selection and neutral processes and (3) addressing the ‘radiation paradox’: How can lineages
that expand from small genetic pools develop, in a short amount of time, enough genetic
variation to create abundant phenotypic diversity? (Brawand et al., 2014; Gillespie, 2016;
Hidalgo et al., 2017; Naciri & Linder, 2020; Pease et al., 2016). Since genomic processes
occur across both deep and shallow timescales, addressing questions on the genomic basis of
radiations requires connecting two conceptual worlds: macro-evolutionary approaches based
on phylogenetics and micro-evolutionary approaches based on population genetics (de La
Harpe et al., 2017).

Numerous, mutually-inclusive processes were found to facilitate genetic
differentiation in rapid radiations, especially after long-distance dispersal. The roles of
standing ancestral variation and hybridization were at the focus of research in the last
decades. Both processes are virtually universal in rapid radiations (Novikova et al., 2016; Wu
et al., 2018). The persistence of ancestral allelic polymorphism during radiation (incomplete
lineage sorting, henceforth ILS) contributes to genetic variability during phases of selection
and stochastic allele fixation. Additionally, ample evidence suggests that hybridization and
gene flow increase genetic variability by exchange of genetic composition between incipient
species. The introduction of alleles upon which selection has already acted is expected to
enable diversification through adaptive introgression (Abbott et al., 2013; Meier et al., 2017;
Pease et al., 2016; Suarez-Gonzalez et al., 2018). Both whole genome and gene duplications
contribute to adaptation by offering genetic variability for selection and the latter may lead to
genome structural shifts (Barrier et al., 1999; Couvreur et al., 2010; Soltis & Soltis, 1999).
Transposable elements may create genomic changes that generate variability (e.g., Chuong et
al., 2015). In cichlid fishes, TE activity was found to alter gene expression during periods of
relaxed selection (Brawand et al., 2014; Choudhury & Parisod, 2017). Finally, Epigenetic
changes are thought to allow populations to extend the suitable range of habitats, providing
more time for other genetic processes to occur. It’s been further suggested that epigenetic
changes may generate heritable phenotypic variation (Ashapkin et al., 2016; Flatscher et al.,
2012; Paun et al., 2007).
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Phylogenomics of rapid radiations

Evolutionary research requires a fundamental understanding of the relationships between
studied taxa. Molecular studies joined the field of taxonomy for the task of identifying and
delimiting species, applying approaches that investigate the diversity between DNA
sequences to infer the level of divergence between taxa. The power to infer the past from
contemporary data depends on the type of data obtained, the study system and the properties
of the analytical models (Delsuc et al., 2005; Hebert et al., 2003; Philippe et al., 2011).
Molecular phylogenies were usually based on sequencing a few highly conserved markers
like organellar DNA sequences, microsatellite markers and Sanger-sequenced nuclear genes
or genome regions. These remain popular due to the moderate cost efficiencies, the ease of
designing the necessary PCR primers and of detecting polymorphism (Barbara et al., 2007,
de La Harpe et al., 2017; Schlotterder et al., 1991; D. X. Zhang & Hewitt, 2003). A single
genomic region is then used to infer a gene tree which can be, but often is not an estimate of
the ‘true tree’ describing species relationships (Huson & Bryant, 2006). Conserved markers,
however, often provide insufficient variation to resolve relationships among closely related
taxa. This is especially true for studies of rapidly radiating lineages and incipient species that
have recently diverged (Escudero et al., 2020; Straub et al., 2012; Urantowka et al., 2017).

In the last decades, increased accessibility to next-generation sequencing (NGS)
transformed phylogenomic approaches and analytical tools advanced accordingly. As
molecular biologists now utilize large amounts of multi-locus genomic data, they achieve
unprecedented resolution of the relationships between clades across the tree of life (Davey et
al., 2011; Escudero et al., 2020; Philippe et al., 2011). Reviewing the current wealth of NGS
methods is beyond the scope of this introduction, but generally, the methods can be divided
between whole-genome sequencing and reduced representation approaches (e.g., RNA
sequencing, target capture and restriction site associated DNA sequencing (RAD-Seq); Baird
et al., 2008; de La Harpe et al., 2017; Puritz et al., 2014; Weitemier et al., 2014; Zimmer &
Wen, 2013).

A vast volume of data did not, however, immediately clarify the phylogenies of
‘difficult lineages’. First, an increase in the amount of data is coupled with multiplication of
technical biases and limitations: random noise, misspecified model parameters, substitutional

saturation and errors in data assembly or filtering are a few examples (Kandziora et al., 2022;
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Morales-Briones et al., 2021; Philippe et al., 2011). More importantly, extensive genomic
data showcases the boundless complexity of evolutionary genomic processes: modern
phylogenomic data-sets are sequenced from one or a few individuals per species and
alignments of individual loci are used to estimate gene trees. Since recombination decouples
genomic regions, the result is a collection of thousands of tree topologies, each representing a
different part in the history of a lineage (Hibbins et al., 2020; Kandziora et al., 2022; Wu et
al., 2018). Gene tree discordance between the different topologies is unexceptional and
indeed is considered quintessential in rapid radiations. An array of successive speciation
events result in low sequence variation and increase the probability of ILS, hybridization, and
gene duplication and loss, reducing phylogenetic signal and leading to high gene tree
discordance (Huson & Bryant, 2006; Maddison, 1997). Some phylogenomic studies approach
gene tree discordance as a technical challenge, while others exploit the information it conveys
about evolutionary processes (Morales-Briones et al., 2021; Philippe et al., 2011).

The advent of phylogenomics proceeded with novel methods of data-processing and
phylogenetic inference from large data-sets. A common approach to the analysis of multiple
gene sequences per species is concatenation of sequences and subsequent analysis of the
matrix as a single ‘supergene’ (Degnan & Rosenberg, 2009; Gadagkar et al., 2005).
Concatenation often results in well-supported phylogenies, however it assumes that all
sequences evolved according to one evolutionary tree and may lead to inference of the wrong
species tree, especially in the presence of ILS (Degnan & Rosenberg, 2009; Edwards et al.,
2007; Kubatko & Degnan, 2007). In contrast, the multi-species coalescence (MSC) addresses
phylogenetic reconstruction in the presence of ILS and is considered more robust in several
contexts (Edwards et al., 2016; Liu et al., 2015). Furthermore, inference employing the MSC
can model gene tree incongruence with methods like BEAST and ASTRAL (Degnan &
Rosenberg, 2009; Jiang et al., 2020; Mirarab et al., 2014). The MSC however obtains a non-
reticulated species tree which does not account for hybridization and introgression, two
relatively common evolutionary processes (but see network extensions: Wen et al., 2016; C.
Zhang et al., 2018). In contrast, a few methods can account for ILS and simultaneously infer
hybridization explicitly, among them the D-statistic and related statistics (Box 1; Malinsky et
al., 2015; Martin & Jiggins, 2017; Patterson et al., 2012), and model-based construction of
phylogenetic networks. The latter represents a new frontier in reconstructing evolutionary

histories, yet remains computationally challenging and thus only feasible for small data-sets
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(Wen et al., 2018; Yu & Nakhleh, 2015). Ultimately, the field of molecular evolution is
experiencing more than a mere methodological shift, but rather a philosophical and
conceptual one. As evidence accumulates for both data structures and lineages whose history
contradicts a simple bifurcating species tree, the predominant use of bifurcating trees to
describe diversification is being challenged (Ellstrand, 2014; Mallet et al., 2016; Novikova et
al., 2016; Oaks et al., 2022).

Box 1. D-statistics and variations used in the second chapter of this work.

1. Patterson’s D (ABBA-BABA) — Illustrated in figure 1, a simple test for introgression,
robust to the presence of ILS. It exploits asymmetries in the frequencies of nonconcordant
gene trees in a three-population tree ordered (((P1,P2,),P3),0), where the outgroup O
carries the ancestral allele A and the derived allele is denoted as B. Allele frequencies are
used to calculate the D-statistic, with values ranging between -1 and 1, indicating an excess
of shared derived alleles between P1 and P3 at one end of the range, and between P2 and

P3 in the positive range (Patterson et al., 2012; Green et al., 2010).

2. D¢ — a test for consistency of clade assignment. Dg(A,G;;G,,0) is calculated for all
possible combinations of individuals, where G; and G, are assigned to the same clade and
A is assigned to a different clade. The results indicate whether individuals assigned to the
same clade always share more derived alleles with each-other than with any individual

from another clade (Malinsky et al., 2018).

3. Dmin — indicates taxon relationships that deviate from a tree structure. Calculating the
minimum value of D across all possible arrangements of a trio (((P1,P2,),P3),0), it
provides a ‘lower bound’ estimate of the amount of gene flow within each trio. A positive
score signifies the sharing of derived alleles between the species in the trio is inconsistent

with a tree structure (Malinsky et al., 2018, 2021).

4. fa-ratio — known as admixture fraction f, a method for estimating ancestry proportions.
The statistics measure correlations in allele frequencies among sets of four populations.
Observed values reflect degrees of shared ancestry based on the difference in allele

frequencies at biallelic loci, providing a measure for the proportion of the genome involved
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in admixture. The f4-ratio is a variation informative of admixture between 4 populations

P1, P2, P3 and O (Green et al., 2010; Lipson, 2020).

5. £,(C) — also named f-branch, a statistics that disentangles correlated fs-ratio results and
assigns gene flow signal to specific, possibly internal, branches on a phylogeny. Using all
f-scores on a given tree, fp(C) captures excess allele sharing involving branches, including
internal ones. By utilizing multiple f4-ratio calculations, it provides additional information

about the timing of introgression events (Malinsky ey al., 2018, 2021).

6. fau - developed to test for introgression in genomic windows, assesses whether the
admixture signal is confined to specific loci. As a modification of the fy statistic, it can
quantify shared variation between P3 and P2 (positive values) or between P3 and P1
(negative values). The calculation of fgv further depends on the frequency of the derived

allele in P1 and P2 (Malinksy et al., 2015; 2021).
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A B B A B A B A

Figure 1. Sharing of derived alleles is informative of gene tree topologies. Above: ABBA
sites are those in which P2 and P3 share a derived allele (star), while P1 features the ancestral
allele. Under a null hypothesis of only ILS, the frequencies of ABBA and BABA patterns are
expected to be equal. Below: Introgression between P2 and P3 will lead to increased
frequency of ABBA patterns and positive values of D (see Box 1; adapted from Malinsky et
al., 2021).
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Study group

The present thesis is dedicated to the plant genus Tillandsia (family Bromeliaceae). The
taxon was chosen for its impressively high phenotypic diversity, young crown age and unique
characteristics. Furthermore, this study complemented larger group efforts to develop
molecular resources for studying 7illandsia, envisioning it as an emerging model group for
studying Neotropical radiations.

Bromeliaceae, a Neotropical radiation of flowering plants, was described by Benzing
(2000) as a family that “exemplifies botanical radiation in the extreme” due to its remarkable
diversity. This conspicuous monocot angiosperm family of >3,000 species is characterized by
unique appearance, with distinctive leaf rosettes that often impound rainwater in central tanks
(phytotelmata; figure 2). With high abundance in tropical regions and exquisite beauty,
bromeliads fascinated botanists and amateurs for centuries and are still rigorously described,
delimited and studied today (Benzing, 2000; Mez, 1904; Picado-Twight, 1913; Schimper,
1888; Tietze, 1906). Bromeliaceae thus constitutes an excellent research system for studying
the drivers and constraints of adaptive radiations, especially the evolution of Neotropical
biota (Givnish et al., 2011; Palma-Silva & Fay, 2020). According to fossil-calibrated
phylogenies, the family originated in the Guayana Shield c. 100 Mya and most of the extant
taxa in the family expanded beyond their ancestral distribution, quickly diversifying over a
short period of 10-15 Mya. Occurring from northern Patagonia to southeastern USA with a
single species in West Africa, bromeliads occupy a range of habitats, from moist
mountainous rainforests to dry, rocky sites. Their diversification is associated with orogenic
changes, the most notable of which is the uplift of the Andes, and with acquisition of ‘key
innovations’, functional traits that allowed them to prosper in diverse adaptive zones (Givnish
etal., 2007, 2011; Schulte et al., 2009).

Bromeliad phenotypic adaptations evolved multiple times and in a correlated and
contingent manner, creating adaptive syndromes. The association of spatial and temporal
patterns in bromeliads allows researchers to hypothesize and test for reciprocity between
ecology, habit and rates of diversification (Crayn et al., 2015; Givnish et al., 2014; Schulte et
al., 2009). I will further focus on epiphytism which is highly prevalent in Tillandsia as in the
family altogether: bromeliad epiphytism is associated with humid tropical montane habitats

and both are associated with a tank habit, as heavy nutrient-rich rain and detritus derived
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from host plants accumulate within the tank. Moreover, the tank hosts a diversity of
arthropods and other small animal species and microbes, providing the plants with nutrients
through indirect carnivory'. Epiphytism is further associated with “entangling seeds” that
ensure attachment to tall tree branches (Benzing, 2008; Gentry & Dodson, 1987; Givnish et
al., 1984, 2014; Romero et al., 2010). Inversely, in dry, terrestrial sites, epiphytism is rather
associated with adaptations to prolonged periods of drought. The most commonly observed
adaptations are the evolution of CAM photosynthesis, leaf succulence and a dense cover of
water-and-nutrient-absorptive trichomes, all which reduce transpiration and provide longer
periods of carbon uptake in xeric environments (Benzing, 2008; Givnish et al., 2014; Koch et
al., 2020; Mez, 1904). The correlated occurrence of these phenotypes produce the
‘atmospheric’ epiphytic habit, one which is especially common in Tillandsia (see below).
Notably, CAM evolution is also common in terrestrial bromeliads and at low elevations
(Benzing & Renfrow, 1974; Koch et al., 2020). Finally, bromeliads repeatedly developed
ornithophilous pollination syndromes which in turn are associated with fertile, humid habitats
(Kessler et al., 2020; Kromer et al., 2006). Numerous adaptations favour high rates of
diversification: as epiphytism provides a range of micro-niches over a dynamic habitat,
entangled seeds offer greater dispersal ability and hummingbird pollination increases
diversification, possibly through pollination specialization, limitation of pollen transfer and
differential speciation rates mediated through phenology and animal behavior (Gentry &
Dodson, 1987; Givnish et al., 2014; Kessler et al., 2020; Kromer et al., 2006).

Bromeliad phylogenetic classification is dynamic and new species and genera are
periodically described. Regardless, phylogenetic studies consistently recognize eight
subfamilies, out of which Tillandsioideae is the largest with <1,400 species. Diversification
in this family is estimated to be associated with the uplift of the Andes (Barfuss et al., 2016;
Givnish et al., 2007). Subject to ongoing taxonomic revisions, 6-9 genera are recognized in
the subfamily and Tillandsia is the most diverse and species-rich with approximately 600
species of predominantly epiphytic plants (Barfuss et al., 2016; Till, 2000).

Archaeological evidence suggests that Tillandsia were of great cultural importance

before their description by European scientists: 7. usneoides (‘Spanish moss’) was found in

1 And the bromeliad research community with stories of the miscellaneous bites and stings they
accumulated during fieldwork.

23



pottery-making societies of the Archaic period in North America and was used for fruit
wrapping and pillow filling (Gilmore, 2015; Pierce, 2000). Tillandsia was used ritually as
decoration and depicted on pottery in religious contexts - probably as early as the Aztec
culture - and its ceremonial use continues to this day (Arslanian et al., 1986; Bye Jr, 1979;
Gilmore, 2015; Pierce, 2000). The economic and medical uses of Tillandsia are historically
documented and extend into the 20th century, from the use of leaf decoction to control
diabetes and as a contraceptive agent, to modern Brazilian and US farmers using 7Tillandsia
as cattle feed (Delaporte et al., 2004; Keller et al., 1981). The family and genus are both of
current horticultural interest. Meanwhile, conservation concerns increase due to unsustainable
harvesting practices (Estrella-Parra et al., 2019; Hietz, 2005; Wolf & Konings, 2001).
Research in this genus therefore holds cultural relevance and importance for conservation.
Several morphological characters were historically employed for generic
classification of the taxon (Gardner, 1986; Mez, 1904). Most noteworthy is the work of
Gardner (1982) who used flower morphological characters to circumscribe Tillandsia into
five taxonomic groups (see also: Gardner, 1986). Revisions of Tillandsia classification
continued as its taxonomy developed amid the age of genomics. Past phylogenetic work on
Tillandsia was based on a few conserved plastid and nuclear markers and often lacked
subgeneric resolution. The taxon’s low genetic divergence was early suggested to be
representative of an exceptionally young radiation (<5Mya; Barfuss et al., 2005). Barfuss et
al. (2016) constructed a sub-family multi-locus phylogeny using four plastid loci, the nuclear
DNA gene PHYC and re-evaluated morphology. While they ident'fied subgeneric clades
within Tillandsia, species relationships were generally poorly supported. Other studies
continued to achieve sub-generic resolution and meanwhile encountered taxonomic issues
like fuzzy clade and species boundaries (Chew et al., 2010; Pinzén et al., 2016). Recently,
Granados Mendoza et al. (2017) expanded the sampling of Barfuss et al. (2016) to cover ca.
30% of the known species’ diversity in Tillandsia. Their work confirmed two monophyletic
Tillandsia clades, characterized by a distinct geographic distribution: a clade containing
species from subgenus Tillandsia, distributed in North and Central America (clade K), and a
South and Central American clade containing species from subgenera Aerobia,
Anoplophytum, Diaphoranthema and Phytarrhiza (clade Q). They estimated that clade K
diversified in North- and Central America, whereas within the second most migratory events

occurred from the Andes to the Brazilian shield.
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Tillandsia generally present the a similar range of phenotypic diversity as that found
in the entire family, with great variation in life habits, photosynthetic pathways, pollination
syndromes, and presence or absence of absorptive trichomes, among other presumably
adaptive traits (Barfuss et al., 2005; Crayn et al., 2015; Givnish et al., 2014; Till, 2000). The
combination of traits most commonly result in one of two phenotypes: the “green” Tillandsia
are adapted to cool, moist habitats, exhibiting predominantly C3 photosynthesis, a
pronounced tank habit, low trichome density and no pronounced leaf succulence. The so-
called “grey” Tillandsia are recognized by adaptations to xeric environments with a strong
tendency for CAM photosynthesis, dense leaf trichome cover and pronounced leaf succulence
(figure 2; Benzing, 2000; de La Harpe et al., 2020). While instances of intermediate or
‘mixed’ phenotypes are ubiquitous in the genus, the high rates of correlated diversification
and the multiple shifts between phenotypic states suggests that Tillandsia had undergone
adaptive radiation. Little is known about the evolutionary processes and genomic basis of
shifts in these adaptive traits: the ancestor of Tillandsia is thought to have been mesic and
most likely exhibited C3 photosynthesis. Photosynthetic shifts were found to be correlated
with changes in rates of gene duplication and loss (de La Harpe et al., 2020). As chromosome
numbers are overall stable within the genus, trait shifts most likely did not involve radical
genome rearrangements (de La Harpe et al., 2020; Till, 2000; but see Clara Groot Crego et

al., in preparation).
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Figure 2. Examples of Tillandsia species with varying photosynthetic syndromes. A, T.
leiboldiana and B, T. complanata, are predominantly C3 species with a typical tank habit. C,
T. caput-medusae and D, T. ionantha, predominantly CAM species (Crayn et al., 2015; de La
Harpe et al., 2020). [photographs: A, Tillandsia leiboldiana in the Botanischer Garten,
Berlin-Dahlem by Krzysztof Ziarnek used under CC BY-NC-SA 4.0. B, Ecuador,
Tungurahua, Quebrada Chamanapamba, Rio Ulba by Alexey Yakovlev under CC BY-SA
2.0. C, Tillandsia caput-medusae by KENPEI under CC BY-SA 3.0. D, Botanical specimen
in the Lyman Plant House, Smith College, Northampton, Massachusetts, USA by Daderot
under public domain (CCO 1.0).
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Research objectives

This thesis is aimed at exploring the evolutionary history of Tillandsia and the genomic
processes that accompanied diversification. To that end, we made use of two NGS
techniques, target capture sequencing and whole-genome resequencing. In addition, the
advantages and limitations of both methods are highlighted in the context of phylogenomics

of recent, rapid radiations.

(1) Chapter 1 examines the potential of target capture sequencing in evolutionary studies in
Bromeliaceae with a focus on Tillandsia. The chapter describes the design of a taxon-specific
bait set for Bromeliaceae and a comparison to a universal bait set for all flowering plants. We
sought to bridge the methodological gap between micro- and macro-evolutionary approaches
and evaluated the sets’ performance in both contexts. Using a family-wide sampling of 72
Bromaliaceae samples, including five species of Tillandsia subgenus Tillandsia, we
performed phylogenomic inference and explored population structure and demographic
processes in Tillandsia. Our aims were to generate a toolkit for the bromeliad research
community, to add knowledge on the utility of target capture in studying rapid radiations, and
to present a road-map for the possible use of a single data-set in addressing both macro- and

micro- evolutionary questions.

(2) Chapter 2 employs a tree-based approach to study the evolutionary history of Tillandsia.
We used whole-genome re-sequencing of 65 individuals representing 32 species, with a focus
on clade K of Mexican Tillandsia and additional sampling of South American Tillandsia. The
chapter describes phylogenetic inference and exploration of Tillandsia evolutionary history
employing a tree-based approach, D-statistics and a network approach. The relationships
between the sampled species were inferred using a concatenation-based and a species tree
methods, obtaining phylogenies that contradicted previous phylogenetic work on Tillandsia.
We proceeded to assess the extent of variation in tree topologies along the genomes and
deviations from a tree structure. We finally characterized patterns of hybridization between
and within different clades, and constructed a species network to understand the evolutionary
history of this highly diverse clade. This chapter illuminates the history of Tillandsia and

provides a case study of exploring genomic processes in a recent and rapid radiation.
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Abstract

Target capture has emerged as an important tool for phylogenetics and population
genetics in nonmodel taxa. Whereas developing taxon-specific capture probes re-
quires sustained efforts, available universal kits may have a lower power to recon-
struct relationships at shallow phylogenetic scales and within rapidly radiating clades.
We present here a newly developed target capture set for Bromeliaceae, a large and
ecologically diverse plant family with highly variable diversification rates. The set
targets 1776 coding regions, including genes putatively involved in key innovations,
with the aim to empower testing of a wide range of evolutionary hypotheses. We
compare the relative power of this taxon-specific set, Bromeliad1776, to the univer-
sal Angiosperms353 kit. The taxon-specific set results in higher enrichment success
across the entire family; however, the overall performance of both kits to reconstruct
phylogenetic trees is relatively comparable, highlighting the vast potential of univer-
sal kits for resolving evolutionary relationships. For more detailed phylogenetic or
population genetic analyses, for example the exploration of gene tree concordance,
nucleotide diversity or population structure, the taxon-specific capture set presents
clear benefits. We discuss the potential lessons that this comparative study provides
for future phylogenetic and population genetic investigations, in particular for the
study of evolutionary radiations.
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La captura selectiva de secuencias de ADN ha surgido como una herramienta
importante para la filogenética y la genética de poblaciones en taxones no-modelo.
Mientras que el desarrollo de sondas de captura especificas para cada taxon requiere
un esfuerzo sostenido, las colecciones de sondas universales disponibles pueden

tener una potencia disminuida para la reconstruccion de relaciones filogenéticas poco
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profundas o de radiaciones rapidas. Presentamos aqui un conjunto de sondas para
la captura selectiva desarrollado recientemente para Bromeliaceae, una familia de
plantas extensa, ecolégicamente diversa y con tasas de diversificacién muy variables.
El conjunto de sondas se centra en 1776 regiones de codificacién, incluyendo genes
supuestamente implicados en rasgos de innovacion clave, con el objetivo de potenciar
la comprobacion de una amplia gama de hipdtesis evolutivas. Comparamos la potencia
relativa de este conjunto de sondas disefiado para un taxon especifico, Bromeliad1776,
con la coleccion universal Angiosperms353. El conjunto especifico da lugar a un mayor
éxito de captura en toda la familia. Sin embargo, el rendimiento global de ambos kits
para reconstruir arboles filogenéticos es relativamente comparable, lo que pone
de manifiesto el gran potencial de los kits universales para resolver las relaciones
evolutivas. Para andlisis filogenéticos o de genética de poblaciones mas detallados,
como por ejemplo laexploracién de la congruencia delos arboles de genes, la diversidad
de nucledtidos o la estructura de la poblacién, el conjunto de captura especifico para
Bromeliaceae presenta claras ventajas. Discutimos las lecciones potenciales que este
estudio comparativo proporciona para futuras investigaciones filogenéticas y de

1 | INTRODUCTION

Targeted sequencing approaches have emerged as a promising tool
for studying evolutionary relationships in nonmodel taxa, enabling
researchers to retrieve large data sets while requiring few ge-
nomic resources (Bossert & Danforth, 2018; Escudero et al., 2020;
McDonnell et al.,, 2021; Soto-Gomez et al., 2019). Using custom
baits, the method largely retrieves the same loci across a wide tax-
onomic scale, obtains comparable and mergeable data sets and may
be combined with genome-skimming (Lemmon & Lemmon, 2013;
Weitemier et al., 2014). Pre-existing knowledge of the targeted
loci further provides opportunities to address specific questions on
both deep and shallow timescales (Hale et al., 2020; Lemmon et al.,
2012). Finally, the method does not necessarily require a reference
genome, is highly cost-effective and, with the ability to sequence
herbarium samples, reduces the need for extensive sampling cam-
paigns (Blaimer et al., 2016; Hale et al., 2020; Weitemier et al., 2014).
Target capture has been successfully applied to resolve phylogenies
in diverse groups, from arthropods such as bees (Xylocopa, Blaimer
etal, 2016; Apidae, Bossert et al., 2019) and Araneae (Hexathelidae,
Hedin et al., 2018) to mammals (Cetacea, McGowen et al., 2020), and
in numerous plant groups (Heuchera, Folk et al., 2015; Gesneriaceae,
Ogutcen et al., 2021; Zingiberales, Sass et al., 2016 to name a few).
The method's utility for studies at microevolutionary scales has
been to date marginally explored, but several studies have pointed
to the ability to analyse genomic diversity and estimate population
genomic parameters (Choquet et al., 2019; Christmas et al., 2017,
Derrien & Ramos-Onsins, 2020; de La Harpe et al., 2019; Sanderson
et al., 2020). Nonetheless, the development of probes for target
enrichment may pose several challenges: first, the need to iden-
tify regions conserved enough to ensure recovery, yet polymorphic

genética de poblaciones, en particular para el estudio de las radiaciones evolutivas.

enough to provide ample information (Soto-Gomez et al., 2019;
Villaverde et al., 2018). Second, probe design requires detecting re-
gions without pervasive copy number polymorphism (Kadlec et al.,
2017; Lemmon et al., 2012), a particular challenge for angiosperms
and other groups, where duplication events are ubiquitous (Van de
Peer et al., 2017).

In contrast, universal kits offer an attractive alternative that
require reduced efforts to establish, and provide comparable data
sets across wider ranges of taxa (Johnson et al., 2019; Kadlec et al.,
2017). Such kits were designed to retrieve single-copy markers, for
example, in the broad scope of amphibians (Hime et al., 2021), an-
thozoans (Quattrini et al., 2018), vertebrates (Lemmon et al., 2012)
or angiosperms (Johnson et al., 2019). In the latter example, the
Angiosperms353 kit is designed to target 353 single-copy genes
across angiosperms. So far the kit has been employed successfully
in resolving phylogenies, including but not limited to Nepenthes
(Murphy et al., 2020), Schefflera (Shee et al., 2020) and the rapid ra-
diations of Burmeistera (Bagley et al., 2020) and Veronica (Thomas
et al.,, 2021), establishing the kit as an eminent tool in macroevolu-
tionary research. Its utility at microevolutionary levels is yet to be
fully realized, although several works have established its suitability
to deliver informative signals at a lower taxonomic level (Beck et al.,
2021) and in acquiring population genomics parameters (Slimp et al.,
2021). The use of highly conserved markers in a universal kit may,
however, limit resolution power. Generally, taxon-specific baits are
expected to deliver a higher information content and hence more ac-
curate results (Kadlec et al., 2017), as enrichment success is known
to drop with the level of divergence between sequences used for
probe design and the targeted taxa (Liu et al., 2019). However, one
study comparing the power of the universal Angiosperms353 kit
and a taxon-specific kit to resolve phylogenomic relationship in
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Cyperaceae reported surprisingly similar performance (Larridon
et al., 2020) and similar findings were reported in Malinae (Ufimov
et al., 2021) and in Ochnaceae (Shah et al., 2021). It remains to be
established whether these findings apply to other taxa and other
evolutionary scales, including at population level, where ample ge-
nomic variability is required to resolve intraspecific relationships and
investigate patterns of genetic differentiation.

Until recently, the technology available to investigate evolu-
tionary questions in rapidly evolving groups featuring high net di-
versification rates has presented major obstacles, in particular for
nonmodel groups. Decreasing costs of sequencing coupled with an
ever-growing plethora of bioinformatic tools for data processing and
downstream analysis has led to an increase in the use of methods
like whole-genome sequencing, RNA sequencing and restriction-site
associated DNA sequencing (RAD-Seq) in lieu of traditional meth-
ods employing few conserved markers (de La Harpe et al., 2017,
McKain et al., 2018; Weitemier et al., 2014; Zimmer & Wen, 2013).
Whole-genome sequencing however remains costly, posing barriers
for research targeting large numbers of samples, organisms with
large genomes and nonmodel organisms for which the availability
of high-quality genomic resources is often limited (Hollingsworth
et al., 2016; Supple & Shapiro, 2018). While RAD-seq is an afford-
able alternative and widely used in population genetics, the resulting
data sets may fall short when screened for homologous sequences
across distantly related lineages (but see, e.g., Heckenhauer et al.,
2018). Additionally, RAD-seq is less feasible when using degraded
DNA from herbarium samples, and the use of short and inconsis-
tently represented loci across phylogenetic sampling may result in
low information content and difficulties in assessing paralogy (Jones
& Good, 2016; Lemmon & Lemmon, 2013; McKain et al., 2018).

Rapid evolutionary radiations are key stages in the evolutionary
history across the Tree of Life and highly recurrent, hence an essen-
tial part of biodiversity research (Gavrilets & Losos, 2009; Givnish
et al., 2014; Hughes et al., 2015; Soltis et al., 2019; Soltis & Soltis,
2004). Fast evolving groups provide potent opportunities to inves-
tigate important questions in evolutionary biology, such as the in-
terplay between ecological and evolutionary processes in shaping
biodiversity. A few notable study systems are the cichlid fish (McGee
et al., 2020; Salzburger, 2018), Heliconius butterflies (Dasmahapatra
et al., 2012; Moest et al., 2020), Anolis lizards (McGlothlin et al.,
2018; Stroud & Losos, 2020), Darwin's finches (Lamichhaney et al.,
2015; Zink & Vazquez-Miranda, 2019), white-eyes birds (Moyle et al.,
2009) and New World lupins (Nevado et al., 2016). Nevertheless,
much remains unknown about the genomic basis underlying species
diversification outside these intensively studied systems.

Research of rapidly diversifying lineages presents several chal-
lenges. First, a brief diversification period typically leads to imper-
fect reproductive barriers and incomplete lineage sorting, reflected
in significant gene tree discordance and ambiguous relationships
(Degnan & Rosenberg, 2009; Lamichhaney et al., 2015; Pease et al.,
2016; Straub et al., 2014). In addition, understanding ‘speciation
through time’ poses a methodological challenge and requires con-
necting two conceptual worlds: macroevolutionary investigations,
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concerned with spatial and ecological patterns over deeper times-
cales, and microevolutionary approaches, providing insight into the
processes acting during population divergence and speciation (Bragg
et al., 2016; de La Harpe et al., 2017). Resolving phylogenomic rela-
tionships and disentangling the contribution of different genomic
processes through time typically require large-scale genomic data
sets and thorough taxon sampling efforts (Lemmon & Lemmon,
2013; Linder, 2008; Straub et al., 2012).

Here, we present Bromeliad1776, a new bait set for targeted
sequencing, designed to address a wide range of evolutionary hy-
potheses in Bromeliaceae: from producing robust phylogenies to
studying the interplay of genomic processes during speciation and
the genetic basis of trait shifts, such as photosynthetic and pollina-
tion syndrome. This highly diverse Neotropical radiation provides an
excellent research system for studying the drivers and constraints of
rapid adaptive radiation (Benzing, 2000; Givnish et al., 2011; Loiseau
et al., 2021; Mota et al., 2020; Palma-Silva & Fay, 2020; Wéhrmann
et al., 2020). Bromeliaceae as a whole is considered an adaptive
radiation (Benzing, 2000; Givnish et al.,, 2011) and contains sev-
eral rapidly radiating lineages, most notably within Bromelioideae
(Aguirre-Santoro et al., 2020) and Tillandsioideae (Loiseau et al.,
2021). It is a species-rich and charismatic monocot family, consist-
ing of over 3000 species, including crops in the genus Ananas and
other economically important species (Luther, 2008). Members of
the family are characterized by a distinctive leaf rosette that often
impounds rainwater in central tanks (phytotelmata). A diversity of
arthropods and other animal species and microbes reside in brome-
liad tanks, in some cases even leading to protocarnivory and other
forms of nutrient acquisition (Givnish et al., 1984; Leroy et al., 2016).
Bromeliads present a diversity of repeatedly evolving adaptive
traits, which allowed them to occupy versatile habitats and ecolog-
ical niches (Benzing, 2000). CAM photosynthesis, water-absorbing
trichomes, formation of tank habit, extensive rates of epiphytism
and a diversity of pollination syndromes are some of the adapta-
tions correlated with high rates of diversification within the family
(Benzing, 2000; Crayn et al., 2004; Givnish et al., 2014; Kessler et al.,
2020; Quezada & Gianoli, 2011).

To assess the utility of the Bromeliad1776 kit, we performed
a comparison between our taxon-specific kit and the universal
Angiosperms353 kit using several methods across different evolu-
tionary timescales. We present Bromeliad1776 in the light of meth-
odological considerations on bait design, data handling, analyses and

other practical considerations.

2 | MATERIALS AND METHODS

2.1 | Custom bait design

Whole-genome sequences and gene models from Ananas comosus
v.3 (Ming et al., 2015) were used to design a bait set aiming to tar-
get (i) single-copy protein coding genes distributed across the whole
genome, (ii) genes previously described as associated with key
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innovation traits in Bromeliaceae (see below), (iii) markers previously
used for phylogenomic inference in Bromeliaceae and (iv) genes or-
thologous to those in the Angiosperms353 bait set. The 1776 se-
lected genes are detailed in Table S1.

Genes in subset i were selected based on genetic diversity pa-
rameters calculated using whole-genome sequence and RNAseq
data previously published by de La Harpe et al. (2020); data publicly
available online at SRA Bioproject (PRINA649109) with the popcE-
NoME R package v.2.1.6 (Pfeifer et al., 2014). Genomic regions were
retained in this category if they shared at least 70% identity between
A. comosus and T. sphaerocephala, and if they had nucleotide diver-
sity () values not exceeding the 90% quantile of the (z) distribution
across genes for four Tillandsia species (Tillandsia australis, Tillandsia
fasciculata, Tillandsia floribunda and T. sphaerocephala; data and anal-
ysis performed by de La Harpe et al. (2020)). We further excluded
genes with a total exonic size smaller than 1100 bp, or individual
exons smaller than 120 bp. Next, copy number variation was calcu-
lated based on clustering of A. comosus and Tillandsia transcriptome
assemblies to generate three copy number categories—'single copy’,
‘low copy’ (i.e. less than five copies) and ‘high copy’ (i.e. five or more
copies). We included only single-copy genes in the design for bait
subset i. Finally, we excluded genes that were located in genomic
regions outside those assigned to linkage groups in the A. comosus
reference (Ming et al., 2015). A total of 1243 genes were identified
for this part.

The bait subset of genes associated with key innovative traits in
Bromeliaceae (subset ii above) included (1) genes putatively under
positive selection along branches relevant to C3/CAM shifts (de La
Harpe et al., 2020), (2) genes that exhibit differential gene expression
between CAM and C3 Tillandsia species (de La Harpe et al., 2020)
and (3) genes putatively associated with photosynthetic and devel-
opmental functions, or with flavonoid and anthocyanin biosynthe-
sis, according to the literature (e.g. Goolsby et al., 2018; Ming et al.,
2015; Palma-Silva et al., 2016; Wai et al., 2017). Ananas comosus
genes with the highest match scores (calculated as lowest E-score in
BLASTP, Madden (2003)) against the sequences of genes from the
literature were added to the bait set (see Table S2 for details). A total
of 1612 genes underpinning innovative traits were included in the
bait design, regardless of criteria used for subset i for size, similarity
and duplication rate.

Markers previously used for phylogenomic inference in
Bromeliaceae (subset iii) were obtained from the literature, spanning
13 genes (e.g. Barfuss et al., 2016; Machado et al., 2020; Schulte
et al., 2009, see TS2 for full list). Genes orthologous to those in the
Angiosperms353 bait set (Johnson et al., 2019) were identified using
the orthologous gene models from A. comosus based on gene anno-
tations (Ming et al., 2015) or using BLASTP (Madden, 2003), totalling
281 genes.

Finally, we used a draft genome of T. fasciculata (Jaqueline Hess,
personal communication) to exclude from all candidates genes that
exhibited multiple BLASTN hits, if they have not been previously
described as duplicated within the genus (de La Harpe et al., 2020).
Specifically, we excluded genes that matched another genomic

sequence of at least 100 bp with high similarity score (>~80%) and
low E-value (<107°). In an additional round of filtering performed
by the manufacturer of the final bait set, Arbor Biosciences (Ann
Arbor, Ml, USA), multicopy genes with sequences that are more than
95% identical were collapsed into a single sequence and baits with
more than 70% GC content or containing at least 25% repeated se-
quences were excluded. In addition, targets including exons smaller
than 80 bp were completed with regions flanking the exons ac-
cording to the A. comosus reference genome. The final kit included
1776 genes: 801 genes in subset i, 681 genes associated with key
innovative traits, 13 genes representing phylogenetic markers and
281 genes orthologous to the Angiosperms353 set. Probes were de-
signed with 57,445 80-mer baits tiling across targets in 2x coverage,
targeting approximately 2.3 Mbp. The kit is subsequently referred to
as the Bromeliad1776 bait set. Further specifications can be found
in Tables S1 and S2 and in the github repository: https://github.com/
giyany/Bromeliad1776/tree/main/MS_2021 _scripts.

2.2 | Plant material collection

We sampled a total of 70/72 Bromeliaceae samples (for
Angiosperms353 and for Bromeliad1776, accordingly; Table S3), in-
cluding 56 accessions from the Tillandsioideae subfamily and 16 rep-
resenting the other subfamilies, except Navioideae. The divergence
time between Tillandsioideae and subfamily Bromelioideae to which
A. comosus belongs is estimated at 15 Mya (according to Givnish
et al., 2014). Within Tillandsioideae, we sampled 38/40 individuals
from five species of the Tillandsia subgenus Tillandsia (‘clade K’ in
Barfuss et al., 2016; Sampling in Mexican populations illustrated in
Figure S1).

2.3 | Library preparation & enrichment

DNA extractions were performed using a modified CTAB protocol
(Doyle & Doyle, 1987), purified using Nucleospin® gDNA cleanup kit
from Macherey-Nagel (Hudlow et al., 2011) following the supplier's
instructions with a twofold elution step and finally quantified with
Qubit® 3.0 Fluorometer (Life Technologies).

For each sample, 200 ng DNA was sheared using Bioruptor®
Pico sonication device (Diagenode) aiming for an average insert size
of 350 bp, dried in a speed vacuum Eppendorf concentrator 5301
(Eppendorf) and eluted in 30 L ddH20O. Genomic libraries were
prepared using the NEBNext® Ultra TM Il DNA Library Prep Kit
for lllumina® (New England Biolabs) using reagents at half volumes
following Hale et al. (2020) and using 11 PCR cycles, increased up
to 13 cycled for libraries with low genomic output. Samples were
double-indexed with NEBNext® Multiplex Oligos for Illumina®
(New England Biolabs). Fragment sizes were inspected with Agilent
Bioanalyzer (Agilent Technologies), and concentrations were mea-
sured with Qubit® 3.0 Fluorometer. Subpools of 11-14 equimolar
genomic libraries were prepared using phylogenetic proximity and


https://github.com/giyany/Bromeliad1776/tree/main/MS_2021_scripts
https://github.com/giyany/Bromeliad1776/tree/main/MS_2021_scripts

YARDENI ET AL.

DNA concentrations of the genomic libraries, which ranged from
2.62 to 118.0 ng/L, following Soto-Gomez et al. (2019).

We used the Angiosperms353 and the Bromeliad1776 bait sets
from Arbor Biosciences to enrich each subpool of genomic libraries
independently with a single hybridization reaction of myBaits® tar-
get capture kits from Arbor Biosciences, following Hale et al. (2020).
Average fragment size and DNA vyield were estimated for each sub-
pool using Agilent Bioanalyzer and Qubit® 3.0 Fluorometer. Subpools
were then pooled in equimolar conditions and sequenced at Vienna
BioCenter Core Facilities on Illlumina® NextSeq™ 550 (2 x 150 bp,
Illumina). Sequencing was conducted independently for either bait kit.

2.4 | Dataprocessing

The raw sequence data in BAM format were demultiplexed using
pemML v.1.1.3 (Renaud et al., 2015) and samtooLs view v.1.7 (Li et al.,
2009), converted to fastq using samtooLs v.2.4.0 (Barnett et al., 2011)
and quality checked using rastqc v.0.11.7 (Andrews, 2010). Reads
were then trimmed for adapter content and quality using TRIMGALORE
v.0.6.5 (Krueger, 2019), a wrapper tool around FastQc and CUTADAPT,
using settings --fastqc --retain unpaired. Sequence quality and
adapter removal were confirmed with FastQC reports.

Quality and adapter-trimmed reads were aligned to A. comosus
reference genome v.3 (Ming et al., 2015) using sowTie2 (Langmead
& Salzberg, 2012) with the --very-sensitive-local option to increase
sensitivity and accuracy. Samtools (Li et al., 2009) was then used to
remove low-quality mapping and sort alignments by position, and
PCR duplicates were marked using MarkDuplicates from picarDTOOLS
v.2.25 (Picard Toolkit, 2019). Summary statistics of the mapping step
were generated using samtools stats. Variants were called using
FREEBAYES V1.3.2-dirty (Garrison & Marth, 2012), and sites marked as
MNP/complex were decomposed and normalized using the script
‘vcfallelicprimitives’ from vcrus (Garrison, 2012). Next, AN/AC field
was calculated using scrroots v.1.7 (Li, 2011) and variant calls were
filtered using vcrus (Garrison & Marth, 2012) and bcftools. Given
that freebayes does not perform automatic variant filtering steps,
we identified sets of parameters that generate reliable final SNP
sets, based on two independent criteria: the highest transition/
transversion ratios as reported by snpsiFt (SnpEff Cingolani et al.,
2012) and the lowest 7z /z (see Section 2.7). After a detailed eval-
uation, we used the following criteria to generate two high-quality
SNP sets, one for each bait set: we considered genotype calls with
per-sample coverage below 10x—as missing (NA) and excluded vari-
ants (i) marked as indels or neighbouring indels within a distance of
3 bp, (i) with depth of coverage at the SNP level lower than 500x,
(iii) with less than 10 reads supporting the alternate allele at the
SNP level or (iv) with more than 40% missing data. All genes in the
Bromeliad1776 that passed the filtering criteria were included in the
SNP set, regardless of their function. Summary statistics of the final
SNP sets were generated using the script vcf2genocountsmatrix.py,
namely the total number of SNPs, the proportion of on-target SNPs
and the proportion of SNPs in some specific genomic contexts, with
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A. comosus genome v.3 as a reference. The full data processing script
align_and_trim.sh and the vcf2genocountsmatrix.py script are both

available at https://github.com/giyany/Bromeliad1776.

2.5 | Bait specificity and efficiency

To explore bait specificity, we calculated the percentage of high-
quality trimmed reads on-target using samtools stats and sebtooLs
INTERSECT v2.25.0 (Quinlan & Hall, 2010) using the script calculat_
bait_target_specifity.sh (available from https://github.com/giyan
y/Bromeliad1776). Targets for Bromeliad1776 were defined as
the bait sequences plus their 500-bp flanking regions. Targets for
Angiosperms353 were defined using orthogroups to A. comosus:
gene annotations from the bait set were used to assign genes to
orthogroups using orTHOFINDER (Emms & Kelly, 2019). When several
orthogroups were found for a single Angiosperms353 gene, we
included all, resulting in 559 A. comosus genes assigned to ortho-
groups. Within the orthogroups, targets were again defined as ex-
onic regions plus their 500 bp flanking regions.

To provide insights into determinants of bait capture success, we
calculated bait efficiency for all baits of Bromeliad1776. For each
bait, efficiency was calculated as the number of high-quality reads
uniquely mapping to each bait target region, averaged over samples.
We then tested for the correlation of capture efficiency to several
bait characteristics (copy number, GC content, number and size of
exons in targeted gene, size of baits and phylogenetic distance to A.
comosus) with a generalized linear model or Kruskal-Wallis test in r
v.4.0.3 (R Core Team, 2020) using a negative binomial family.

2.6 | Phylogenomic analyses
We inferred phylogenomic relationships for all samples using two
methods: a concatenation method, and a coalescent-based species
tree estimation. The latter method was included as concatenation
methods do not account for gene tree incongruence, which may re-
sult in high support for an incorrect topology (Kubatko & Degnan,
2007), especially in the presence of notable incomplete lineage sort-
ing. In addition, gene tree incongruence analysis provides insight
into molecular genome evolution, including the extent of incomplete
lineage sorting and other genomic processes such as hybridization
and introgression (Galtier & Daubin, 2008; Wendel & Doyle, 1998).
We used the variant and nonvariant genotypes to create a
phylip matrix with vcr2pHyup v.2.0 (Ortiz, 2019) and constructed
a maximum-likelihood species tree for each bait set with raxmL-NG
v.0.9.0 (Kozlov et al., 2019), using 250 bootstrap replicates and a GTR
model with an automatic MRE-based bootstrap convergence test.
Next, we constructed a species tree using AsTrAL-l v.5.7.7 (hereaf-
ter: ASTRAL, Zhang et al., 2018). For both the Angiosperms353 and
the Bromeliad1776 sets, we separated the matrix into independent
genomic windows, defining each window as a gene according to the
known exons and a 500-bp flanking region. For Angiosperms353,
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we extracted the 559 genes (assigned to orthogroups as ex-
plained above) as genomic windows using bedtools intersect. For
Bromeliad1776, genomic windows were extracted using the A. co-
mosus gene sequences included in bait design. All loci and all ac-
cessions were included in species tree inference regardless of the
percentage of missing data, since taxon completeness of individual
gene trees is important for statistical consistency of this approach,
and we expected only low levels of fragmentary sequences (Mirarab,
2019; Nute et al., 2018). After excluding genes with zero coverage,
269 genes and 1600 genes were included in species tree inference
for Angiosperms353 and Bromeliad1776, respectively.

For each gene, a maximum-likelihood gene tree was inferred using
PARGENES (Morel et al., 2019) with raxmL-NG (Kozlov et al., 2019), using
a GTR model with an automatic MRE-based bootstrap convergence
test. Loci with insufficient signal may reduce the accuracy of species
tree estimation (Mirarab, 2019), hence, in all gene trees, nodes with a
bootstrap support smaller than 10 were collapsed using Newick util-
ities (Junier & Zdobnov, 2010). A species tree was then generated in
ASTRAL with quartet support and posterior probability for each tree
topology. The number of conflicting gene trees was calculated using
phyparts and visualized using the script phypartspiecharts.py (avail-
able from https:/github.com/mossmatters/MJPythonNotebooks).

2.7 | Population structure and nucleotide
diversity estimates

To explore the genetic structure within the Tillandsia species complex,
we focused on five species from 15 localities (Table S3 and Figure
S1). We first used puink v.1.9 (Chang et al., 2015) to filter out SNPs
in linkage disequilibrium. Population structure was further explored
through individual ancestry analysis, with identity-by-descent matrix
calculated by plink and inference of population structure using Abmix-
TUre v.1.3. with K values ranging from one to ten, and 30 replicates for
each K, using a block optimization method (Alexander & Lange, 2011).
A summary of the ADMIXTURE results was obtained and presented using
pong (Behr et al., 2016). The set of LD-pruned biallelic SNPs was fur-
ther filtered to allow a maximum of 10% missing data and used to
perform a principal components analysis (PCA) with snpretate v.1.20.1
(Zheng et al., 2012). Finally, for each Tillandsia species, we used the
strategy of Leroy et al. (2021) to compute synonymous (z) and non-
synonymous (m) nucleotide diversities and Tajima's D, from fasta se-
quences using seq_stat_coding (Leroy et al., 2021).

3 | RESULTS

3.1 | Higher mapping rates and capture efficiency
for taxon-specific set

On average, 4,401,958 (803,464-12,693,516) paired-end reads
per accession were generated per Angiosperms353 library and
2,962,023 (1,282,762-6,298,880) per Bromeliad1776 library.

Overall, the mapping rates to the A. comosus reference genome were
higher for libraries enriched with Bromeliad1776, with an average
mapping rate of 82.3% (61.8%-95.9%) and 42.8% (22.1%-77.9%),
for Bromeliad1776 and Angiosperms353, respectively (Figure S2,
Table S4). Higher mapping rates were recorded for subfamilies
Bromelioideae and Puyoideae, as compared to Tillandsioideae, for
both the Angiosperms353 and Bromeliad1776 sets (see Figures S3
and S4, respectively). This may reflect the effect of reference bias,
and in the case of Bromeliad1776, it may be further amplified by
our kit design based on A. comosus (subfamily Bromelioideae). Bait
specificity was high for Bromeliad1776 with on average 90.4% reads
on-target (76.5%-94.2%), while for Angiosperms353 bait speci-
ficity was 14.0% (4.6%-30.1%; see Figure S2). Mapping rates and
bait specificity were positively correlated for both bait sets (GLM,
p <.01).

3.2 | Baitefficiency depends on the
genomic context

We investigated factors that may influence bait efficiency, starting
with the contribution of gene copy number variation. We assumed
three categories regarding the number of paralogs per orthogroup:
single-copy, low-copy (i.e. less than five copies) and high-copy (i.e.
five or more copies). The number of gene copies had a significant
effect on bait efficiency and post hoc Dunn's test supported sig-
nificant differences in efficiency for comparisons between low-copy
and high-copy, and between single-copy and low-copy (P = 2.8744).
Low-copy genes exhibit the lowest enrichment success, suggesting
that the bait efficiency is not simply correlated with the number of
gene copies (Figure 1). We also recovered a significant effect of the
intragenic GC content and GC content of the baits on bait efficiency
(GLM, P = 1.57%8). Finally, we investigated the possible link between
efficiency and gene structure. Average exon sizes (P < 2.07%%) and
total number of exons per gene (P = 1.17%%) were also positively cor-
related with enrichment success. The size of the smallest exon for
all targeted genes was however not correlated with bait efficiency.
Sequence similarity, measured as per cent of identity between
Tillandsia sequences and those of A. comosus, was positively cor-
related with capture success (P = 4.87%%; Figure 1).

3.3 | Both kits provided a large number of SNPs

After variant calling and filtering, we identified 47,390 and
209,186 high-quality SNPs for the Angiosperms353 and the
Bromeliad1776 bait sets, respectively. On average, missing data rep-
resented 23.7% of genotype calls per individual in Angiosperms353,
but only 6.3% for the Bromeliad1776 kit. The differences in amount
of missing data are likely associated with the higher mean depth
per site across the Bromeliad1776 kit (6602), as compared to
Angiosperms353 (3437). Focusing on the subgenus Tillandsia, we
identified 15,622 SNPs for Angiosperms353 (including a total of
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18.9% missing data) compared to 65,473 polymorphic sites (2.9%
missing data) for Bromeliad1776. In both full data sets and the
subset including only Tillandsia samples, Bromeliad1776 recovered
more variants in intronic regions compared with Angiosperms353.
Angiosperms353 recovered a large proportion of off-target SNPs,
whereas in Bromeliad1776 approximately 15% of the SNPs were re-
covered from flanking regions (Table 1). We discuss ascertainment
bias that may rise due to the nonrandom selection of markers in the

supporting information.

3.4 | Similar phylogenomic resolution in
concatenation method, Bromeliad1776 outperforms
Angiosperms353 for species tree reconstruction

The Angiosperms353 and Bromeliad1776-based maximum-
likelihood phylogenetic trees recovered the same backbone phy-
logeny of Bromeliaceae, clustering subfamily Tillandsiaoedeae and
the subgenus Tillandsia with high bootstrap values (Figure S5).
Neither set obtained high support for interpopulation structure for
Tillandsia gymnobotrya, but highly supported nodes separated T. fas-
ciculata accessions from Mexico and from other locations, and the
populations of T. punctulata for the Bromeliad1776 data set were

similarly separated. The tree topologies were identical, with the no-
table exception of the placements of Tillandsia biflora and Racinaea
ropalocarpa and the genus Deuterocohnia (Figure S5, purple arrow).
Overall, internal nodes are strongly supported for both sets, except
for Hechtia carlsoniae as sister to Tillandsioideae, which is poorly
supported for both sets. While several internal nodes are slightly
less supported for the Angiosperms353 set, overall these results
demonstrate the efficacy of both kits in phylogenomic reconstruc-
tion using concatenation approaches, indicating that as few as 47 k
SNPs within variable regions provide reliable information to resolve
phylogenetic relationships within the recent evolutionary radiation
of Tillandsia.

Species trees as inferred with ASTRAL for both data sets like-
wise provided an overall strong local posterior support (Figure 2, see
also Figures S8 and S9). Several nodes however exhibit lower local
posterior support values for the Angiosperms353 tree than for the
Bromeliad1776 tree. The topology for the Bromeliad1776 ASTRAL
tree was similar to the ML tree, but differed again by placing
Deuterocohnia as sister taxa to Puyoideae only. In the Angiosperms353
tree, the topology differed from both ML trees and the ASTRAL
Bromeliad1776 tree in several nodes. H. carlsoniae was placed as a
sister taxa to all other subfamilies in the Angiosperm353 phylogeny.
Notably, the placement of Catopsis and Glomeropitcrania differed,



ﬁl—Wl LEY-

TABLE 1 Number and characteristics of the variants obtained for Angiosperms353 and Bromeliad1776

Off-target
SNPs

SNPs in intergenic

regions

SNPs in intronic

regions

SNPs in exonic

regions

Site mean
depth

Flanking SNPs

On-target SNPs

SNP Nr.

indv Nr.

intragenic vcf

35,478 (74.8%)

3488 (7.4%)

8424 (17.8%)

4376 (9.2%) 2386 (5.1%)

40,628 (85.7%)

47,390 3447
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as well as the placement of Cipurosis subandinai, T. biflora and R.
ropalocarpa. Several internal nodes were poorly supported, such as
the node separating the tribe Catopsideae and core Tillandsioideae,
and the nodes separating Tillandsioideae from all other subfamilies.
The differences in topology between the Angiosperms353 ASTRAL
tree to all other trees (ML trees and Bromeliad1776 ASTRAL tree)
together with the low posterior support suggest lower resolution
power and a poor fit of this data set for resolving a species tree.

The length and average size of the input gene trees different
among sets, with average window length of 304.6 bp and 819.9 bp
and average gene tree support of 16.9 and 38.9 for Angiosperms353
and Bromeliad1776 bait sets, respectively (Figure 2). An examina-
tion of gene tree concordance constructed with Bromeliad1776 data
set allowed us to identify variable levels of gene tree conflict among
nodes (Figure 2). Gene tree discordance was especially high for the
split between Tillandsioideae and other subfamilies, as well as for
the split between Puyoideae and taxa assigned to Bromelioideae.
Furthermore, gene tree discordance and the proportion of uninfor-
mative gene trees were especially high for splits among clades within
the K.1 and K.2 clades of subgenus Tillandsia. A similar analysis with
Angiosperms353 yielded evidence for gene tree discordance, but a
considerable number of gene trees were reported to be noninforma-
tive (grey part of the pie charts), especially within subgenus Tillandsia
(Figure 2).

3.5 | Stronginterspecific structure, but little
evidence for within-species population structure

After LD-pruning and retaining maximum 10% missing data, 1025
and 32,941 biallelic SNPs were included for the Tillandsia PCA analy-
sis of the Angiosperms353 and Bromeliad1776 data sets, respec-
tively. Overall, both data sets provided evidence for interspecific
structure, but not for population structure, with Bromeliad1776 re-
sulting in border-line higher resolution (slightly better separating T.
foliosa from T. fasciculata). The percentage of explained variance was
higher in the Bromeliad1776 set (19.3% and 16.5% for PC1 and PC2)
as compared to the Angiosperms353 data set (14.5% and 11.8%, see
Figures 3 and Sé). Based on these two PCAs, we found no evidence
for spatial genetic structure within each species, since accessions did
not cluster by geographic origin on the two PCs presented, or any
other PCs we investigated (see Figure S6).

In addition to PCA, we performed AbmIxTurRE analyses based
on 9804 and 42,613 variants for the Angiosperms353 and
Bromeliad1776 sets, respectively (Figure 4). We used a cross-
validation strategy to identify the best K and found clear support
for K = 5 for the Bromeliad1776 set (Figure S7). In contrast, the
CV pattern for the Angiosperms353 set varied widely, provid-
ing limited information about the best K. Lowest CV values were
however observed for K = 9 with locally low values for K= 5 and
K = 3 (Figure S7). We further investigated the abmixTure bar plots
at different values of K. For K = 5, very similar patterns can be
observed for both sets, with the recovered clusters reflecting the
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enrichment: Angiosperms353 (right) and Bromeliad1776 (left). Each gene was considered a single genomic window

expected species boundaries. The main difference between the
two data sets was the ability of the Bromeliad1776 set to reach a
more consistent solution (‘consensus’) among 30 runs, especially
at large K, as compared to the runs based on the Angiosperms353
bait set. The Bromeliad1776 was also able to distinguish between

different sampling localities of T. punctulata and of T. fasciculata at
K = 7-8 (Figure 4).

3.6 | Distinct diversities hint at different
demographic processes

Nucleotide diversity estimates were calculated for the

Bromeliad1776 data set only, due to difficulties obtaining a relia-
ble SNP set with Angiosperms353 (see Section 2.4). Averaged lev-

els of nucleotide diversity at synonymous sites 7, greatly varied
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FIGURE 5 Distribution of Tajima's D and synonymous (z) nucleotide diversity within each species for the Bromeliad1776 kit

among species, from 4.1 x 1073 to 8.1 x 1072 for T. foliosa and T.
fasciculata, respectively (Table S5; Figure 5). Given the recent di-
vergence of these different species and their roughly similar life
history traits, they are expected to share relatively similar muta-
tion rates; hence, the observed differences in 7y are expected to
translate into differences of long-term N_. Looking at the distri-
bution of zg across genes, we found broader or narrower distri-
butions depending on the species, which explains the observed

differences in averaged g, as typically represented by the median
of the distribution (vertical bars, Figure 5). Most species exhibit
distributions of Tajima's D (Figure 5) that are centred around zero,
with the notable exception of T. punctulata. The distribution of
this species is shifted towards positive Tajima's D values, there-
fore indicating a recent population contraction, suggesting that
this species experienced a unique demographic trajectory as com-
pared to the other species.
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4 | DISCUSSION

4.1 | A taxon-specific bait set performs marginally
better for phylogenomics

In this study, we compared the information content and performance
of a taxon-specific bait set and a universal bait set for addressing
questions on evolutionary processes at different scales in a highly
diverse Neotropical plant group, including recently radiated clades.
We found that the taxon-specific kit provided a greater number of
segregating sites, yet contrary to our expectations, the abundance
of information content did directly translate to a greater resolution
power.

The universal and taxon-specific sets performed comparably
when investigating macroevolutionary patterns: the inferred species
trees are remarkably consistent between the two bait sets (Figures
2 and S5). Notably, both sets were sufficiently informative to recon-
struct the relationships among the fastest radiating clades. These re-
sults resonate with previous comparative works (e.g. in Burmeistera,
Bagley et al., 2020; in Buddleja, Chau et al., 2018; and in Cyperus,
Larridon et al., 2020), where taxon-specific markers provided higher
gene assembly success, but a comparable number of segregating
sites for phylogenetic inference, indicating that universal bait sets
are nearly as effective as taxon-specific bait sets, even in fast evolv-
ing taxa. The main advantage of the bromeliad taxon-specific set is
its ability to provide additional resolution for deeper examination
of gene tree incongruence (Figure 2), currently a fundamental tool
in phylogenomic research (Edwards, 2009; Morales-Briones et al.,
2021; Pease et al., 2016).

The taxon-specific bait set performed marginally better to address
hypotheses at more recent evolutionary scales and provided argu-
ably clearer evidence for inference of species genomic structure using
clustering methods. In fact, genetic markers obtained from both data
sets provided sufficient information to infer species but no geographic
structure, suggesting that Tillandsia could be characterized by high gene
dispersal among populations. Considering that the Angiosperms353 kit
has shown potential to provide within-species signal, as recently
demonstrated by Beck et al. (2021) on Solidago ulmifolia, and to esti-
mate demographic parameters from herbarium specimen (Slimp et al.,
2021), we would expect the taxon-specific set to accurately reveal a
geographical genetic structure. However, the present study is gener-
ally based on small sample sizes per species (n = 4-8), mostly sampled
within a limited geographic range, limiting our ability to draw robust
conclusions on the levels of intraspecific population structure.

The Bromeliad1776 kit provided a substantially larger number
of segregating sites (more than 200 k vs. 47 k in Angiosperms353;
Table 1, Figure S2) due to higher enrichment success, following
the expectation for higher sequence variation in custom-made loci
(Figure 1, see also Bragg et al., 2016; de La Harpe et al., 2019; Kadlec
et al., 2017). We accordingly found that rates of molecular diver-
gence are distinctly correlated with enrichment success in our sam-
pling (Figure 1), following the expectation that a universal kit will
provide fewer segregating sites.

However, the difference in resolution power between the kits
cannotbe ascribed solely to the different numbers of SNPs, but rather
to the length and variability of the obtained regions. The topology
obtained with the Angiosperm353 data set under the multispecies
coalescent model was substantially different from all other inferred
trees and the input gene trees provided a low power to detect pat-
terns of gene tree discordance (Figure 2). We additionally observed
that the highly conserved regions targeted by Angiosperms353 are
shorter in comparison to Bromeliad1776 targets and thus result in
shorter input windows for species tree inference (Figure 2). Hence,
the patterns of gene tree discordance in the Angiosperms353 data
set likely indicate incorrect gene tree estimation or other model
misspecifications, rather than a biological signal. Specifically,
coalescence-based methods are sensitive to gene tree estimation
error (Zhang et al., 2018) and perform better with gene trees esti-
mated from unlinked loci long enough and variable enough to render
sufficient signal per gene tree—this is especially true for data sets
with many taxa. The high rates of uninformative genes trees, found in
almost half of the intergenic nodes in the Angiosperms353 data set,
are expected with increased levels of gene tree error, which in turn
reduce the accuracy of ASTRAL (Mirarab, 2019; Sayyari & Mirarab,
2016). In contrast, the Bromeliad1776 ASTRAL tree (Figure 2, left
and Figure S9) resolved phylogenetic relationships among taxa with
high posterior probability and a topology similar to the ML tree.
Gene tree discordance analysis revealed high incongruence around
certain nodes, possibly reflecting rapid speciation events.

Since inference of phylogenetic relationships under the mul-
tispecies coalescent and exploration of gene tree discordance are
both pivotal to phylogenomic research (Degnan & Rosenberg, 2009;
Edwards et al., 2016; Pease et al., 2016), a taxon-specific kit pro-
vides a clear advantage especially in recent rapid radiations, where
gene tree conflict and incomplete lineage sorting are expected to be
prevalent (Dornburg et al., 2019; Kubatko & Degnan, 2007; Roch &
Warnow, 2015). In that regard, inference of the species tree with the
Bromeliad1776 is a tool to drive further hypotheses concerning evo-
lutionary and demographic processes in the evolution of Tillandsia.
Moreover, the features of the loci targeted provide an important op-

portunity to study selection (see Section 4.3).

4.2 | Insights on Bromeliaceae phylogeny and
demographic processes in Tillandsia

Both bait sets resolved the phylogeny of Bromeliaceae, including
the fastest evolving lineages of the subfamily Tillandsioideae. The
results generally agreed with previous findings of the relationships
among taxa (Givnish et al., 2011, 2014). Several findings that con-
trast with the expected known phylogeny may point at a complexity
of genomic processes in the evolutionary history of Bromeliaceae
subfamilies. Both the ML tree and species tree did not support a
monophyly of the subfamily Pitcairnioideae, which was represented
by four samples and two genera in our phylogeny: Deuterochonia
and Pitcarnia. Rather, the genus Deuterochonia was sister to
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subfamily Puyoideae or sister to both Puyoideae and Bromelioideae
subfamilies, inconsistent with the results of Barfuss et al. (2016) and
Granados Mendoza et al. (2017). Interestingly, in a visualization of
gene tree discordance we found high levels of incongruence and a
high percentage of trees supporting an alternative topology in the
node splitting the genera, indicating that several genomic processes
such as hybridization and incomplete lineage sorting may have ac-
companied divergence in this group, contributing to the phylogenetic
conflict and extending the challenges in resolving these evolutionary
relationships. Within the core Tillandsioideae, the tribes Tillandsieae
and Vrieseeae were found to be monophyletic, in accordance with
previous work on the subfamily (Barfuss et al., 2016). Finally, within
our focal group Tillandsia subgenus Tillandsia, clade K as suggested
by Barfuss et al. (2016) and clades K.1 and K.2 as proposed by
Granados Mendoza et al. (2017) were all well supported, further in
agreement with their interpretation of Mexico and Central America
as a centre of diversity for subgenus Tillandsia. Within Tillandsia, in-
congruence was prominent at the recent splits within clade K.1. and
clade K.2 as expected in a recent rapid radiation, a result of high
levels of incomplete lineage sorting, hybridization and introgression
(Berner & Salzburger, 2015).

When applied to methods in population genetics, we obtained
some evidence for a difference in demographic processes and in
the level of genetic variation among species. This was especially
true for the taxon-specific bait set: for example, the bait set dif-
ferentiated between populations of T. punctulata and T. fasciculata,
but not T. gymnobotrya in a maximum-likelihood tree and ancestry
analysis (Figures 4 and S5), indicating differences in interpopula-
tion genetic structure among species. The evidence for different
demographic processes in these species extended to estimates of
Tajima's D, where lower values may indicate a recent bottleneck. In
addition, we found a unique distribution of nucleotide diversity for
T. foliosa, possibly reflecting a low effective population size for this
endemic species in contrast to the closely related, but widespread
T. fasciculata. In all cases, our limited sampling given the large size
of the family constrains our ability to draw conclusions of a ‘true’
phylogeny and to account for population structure. Our finding
however suggests that nuclear markers obtained with a target
capture technique can highlight genomic processes and be further
applied to address questions in population genomics with a wider
sampling scheme.

4.3 | Future prospects and implications for
research in Bromeliaceae and rapid radiations

Beyond the scope of this study, the availability of a bait set kit for
Bromeliaceae provides a prime genetic resource for investigating
several topical research questions on the origin and maintenance of
Bromeliaceae diversity. Manifold studies of bromeliad phylogenom-
ics set forth the challenges of resolving species-level phylogenies
with a small number of markers, particularly in young and speciose
groups (Goetze et al., 2017; Granados Mendoza et al., 2017; Loiseau
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et al.,, 2021; Versieux et al., 2012). This particularly curated bait
set allows highly efficient sequencing across taxa: within our study,
we found high mapping success with 82.3% average read mapping.
As expected, we documented a difference in enrichment success
among taxa, explained by divergence time to the reference used for
bait design (see Figure S4), suggesting possible deviations from the
assumptions of nonrandomly distributed missing data that may mis-
lead phylogenetic inference (Lemmon et al., 2009; Streicher et al.,
2016; Xi et al., 2016). However, given the large enrichment success,
downstream analysis with deliberate methodology can account for
possible biases and provide robust inference with strict data filtering
(Molloy & Warnow, 2018; Streicher et al., 2016). Hence, target en-
richment with Bromeliad1776 can produce large data sets with con-
sistent representation between taxa, allowing repeatability between
studies and retaining the possibility for global synthesis by including
sequence baits orthologous to the universal Angiosperms353 bait
set. Moreover, with specific knowledge of the loci targeted in this
set, the ability to obtain the same sequences across taxa and experi-
ments and to differentiate genic regions with the use of A. comosus
models, this bait set offers a broad utility for research in population
genomics.

Another important feature in the Bromeliad1776 set is the in-
clusion of genes putatively associated with key innovative traits in
Bromeliaceae with a focus on C3/CAM shifts. Little is known about
the molecular basis of the CAM pathway, an adaptation to arid en-
vironments which evolved independently and repeatedly in over
36 plant families (Chen et al., 2020; Heyduk et al., 2019; Silvera
et al., 2010). CAM phenotypes are considered key adaptations
in Bromeliaceae, associated with expansion into novel ecological
niches. In Tillandsia, C3/CAM shifts were found to be particularly
associated with increased rates of diversification (Crayn et al., 2004;
Givnish et al., 2014; de La Harpe et al., 2020). The Bromeliad1776
bait set offers opportunities to address specific questions on the
relationship between rapid diversification and photosynthetic syn-
dromes in this clade, including testing for gene sequence evolu-
tion. Additionally, the inclusion of multicopy genes, combined with
newly developed pipelines for studying gene duplication and ploidy
(Morales-Briones et al., 2021; Viruel et al., 2019), is beneficial for
studying the role of gene duplication and loss in driving diversifica-
tion. With the increasing ubiquity of target baits as a genomic tool,
we expect to see additional pipelines and applications emerging,
further expanding the utility of target capture for both macro-and

microevolutionary research.

5 | CONCLUSIONS

Even as whole-genome sequencing becomes increasingly economi-
cally feasible, target capture is expected to remain popular due to its
extensive applications in research. We found that evaluating the dif-
ferences in resolution power between universal and taxon-specific
bait sets is far from a trivial task, and we attempted to lay out a
methodological roadmap for researchers wishing to reconstruct the



YARDENI ET AL.

940 MOLECULAR ECOLOGY
WILEY - pramier—

complex evolutionary history of rapidly diversifying lineages. While
a taxon-specific set offers exciting opportunities beyond phylog-
enomic and into research of molecular evolution, its development is
highly time-consuming, requires community-based knowledge and
may cost months of work when compared with out-of-the-box uni-
versal kits. Our results suggest that universal kits can continue to be
employed when aiming to reconstruct phylogenies, in particular as
this may offer the possibility to use previously published data to gen-
erate larger data sets. However, for those wishing to deeply investi-
gate evolutionary questions in certain lineages, a taxon-specific kit
offers certain benefits during data processing stages, where knowl-
edge of the design scheme and gene models is extremely useful, and
the possible return of costs is especially high for taxa emerging as
model groups. We furthermore encourage groups designing taxon-
specific kits to include also universal probes, furthering the mission

to complete the tree of life.
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