©Copyright 2021
Ana Marfa Bedoya Ovalle



Evolution of Aquatic Plants in Rivers and Wetlands across the Andes
in northern South America

Ana Maria Bedoya Ovalle

A dissertation submitted in partial fulfillment of the
requirements for the degree of

Doctor of Philosophy

University of Washington

2021

Reading Committee:
Richard G. Olmstead, Chair
Adam D. Leaché

Caroline A. E. Stromberg

Program Authorized to Offer Degree:
Biology



University of Washington

Abstract

Evolution of Aquatic Plants in Rivers and Wetlands across the Andes in northern South
America

Ana Marfa Bedoya Ovalle

Chair of the Supervisory Committee:
Professor Richard G. Olmstead
Biology

Northern South America is one of the most biodiverse regions on earth and understanding
the causes and processes that have led to the assembly of this rich biota has been central to
ecological and evolutionary investigations since Humboldt and Wallace. Given that northern
South America is a geologically dynamic region consisting of a complex and heterogeneous
landscape matrix, landscape change is viewed as a primary factor promoting species diver-
sification. The Andean Cordillera is deemed responsible for triggering explosive radiations
and increasing diversification rates in Neotropical taxa. All botanical investigations that
have aimed to understand the role of landscape change on the evolution of the Neotropical
flora have been restricted to terrestrial plants. However, fossil and stratigraphic data show
that the uplift of the Andes not only resulted in the development of high-elevation tropical
ecosystems, but also in changes in drainage basin reconfiguration through time. Aquatic
plants are most diverse in the Neotropics. How did Andean uplift and drainage basin recon-
figuration shaped the evolution of aquatic plants in rivers and wetlands across the Andes in
northern South America?

In this dissertation I aim to address this question and provide a novel perspective on the
impact of landscape change on the evolution of the Neotropical flora, by using empirical data
obtained from samples collected in the field from which I generate comprehensive genomic

datasets and conduct phylogenetic, populations genetics, and biogeographical analyses. To



investigate the impact of Andean uplift and drainage basin reconfiguration on river plant
evolution, I use Marathrum foeniculaceum and Marathrum utile (Podostemaceae) as model
systems. These are the only species living strictly in fast-flowing rivers across the Andes
in northern South America. To explore how landscape change in northern South America
shaped the evolution of plants in standing-water ecosystems such as wetlands, I study se-
lected species of Ludwigia (Onagraceae). Ludwigia include amphibious and strictly aquatic
plants restricted to standing-water ecosystems like flooded savannas, lakes and ponds.

In Chapter 1, I generate plastome data for five species of Podostemaceae and ana-
lyze the structure of the chloroplast genomes in a comparative framework within the or-
der Malpighiales. This chapter is an introduction to learning about the evolution of Po-
dostemaceae. The results of this chapter show that plastid genomes in the family are among
the smallest in the Malpighiales due to variation in length of the inverted repeats, gene loss,
and intergenic region variation. The uncommon loss of a number of genes is reported and
we suggest fast rates of evolution in the plastomes of Podostemaceae.

In Chapter 2, I investigate how drainage basin formation linked to Andean uplift shaped
the evolution of plants in fast-flowing aquatic ecosystems such as river-rapids and waterfalls.
Specifically, I aim to 1) test if the geographical separation of drainage basins interrupted
by the Andes and other topological units in northern South America limits gene flow and
structures populations according to river drainages, 2) determine if the timing of divergence
events in populations of the two species in northern South America correspond with the
currently proposed timing of Andean uplift, and 3) provide a hypothesis for the pattern
and timing of drainage basin separation. I conduct phylogenetic, population genetics, phy-
logenetic networks, and divergence dating analyses of populations of M. foeniculaceum and
M. wutile located in river drainages across the Andes. Andean uplift isolated populations of
Marathrum limiting gene flow. At the same time, drainage basin reconfiguration brought
species in sympatry where hybridization occurs. I propose that the pattern of divergence
of populations reflects the formation of river drainages, which was not complete until <4.1

Ma.



In Chapter 3, I investigate the impact of Andean uplift on the evolution of plants living
in standing-water ecosystems across drainage basins interrupted by this mountain system
in South America using the genus Ludwigia as the study model. T 1) test if divergence
times in taxa in northern and central South America took place prior, during, or after
current estimates of major recent pulses of Andean uplift Andean uplift and 2) provide a
framework to test further hypotheses for the role of landscape change shaping the evolution
of plants living in standing-water ecosystems. I conduct divergence dating, diversification,
and biogeographic analyses of Ludwigia species from South America using existing sanger
data. Andean uplift did not cause an increase in the rates of accumulation of Ludwigia
species through time. I provide hypotheses for why diversification in Ludwigia remained
constant, as well as the probable context in which Ludwigia evolved in South America.

Together, these three projects advance our understanding of aquatic plants living in
fast-flowing and standing-water aquatic ecosystems in the Neotropics. Furthermore, in this
dissertation I present evidence to fill a gap in our current knowledge base, by complementing
the extensive research findings on the role of Andean uplift in shaping the evolution of plants

in terrestrial ecosystems, with investigations on aquatic plants.
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Chapter 1

PLASTID GENOMES OF FIVE SPECIES OF RIVERWEEDS
(PODOSTEMACEAE): STRUCTURAL ORGANIZATION AND
COMPARATIVE ANALYSIS IN MALPIGHIALES
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With the advent of next-generation sequencing technologies, whole-plastome data can
be obtained as a byproduct of low-coverage sequencing of the plant genomic DNA.
This provides an opportunity to study plastid evolution across groups, as well as testing
phylogenetic relationships among taxa. Within the order Malpighiales (~16,000 spp.),
the Podostemaceae (~300 spp.) stand out for their unique habit, living attached to
rocks in fast-flowing aquatic habitats, and displaying highly modified morphologies that
confound our understanding of their classification, biology, and evolution. In this study,
we used genome skimming data to assemble the full plastid genome of 5 species within
Podostemaceae. We analyzed our data in a comparative framework within Malpighiales
to determine the structure, gene content, and rearrangements in the plastomes of the
family. The Podostemaceae have one of the smallest plastid genomes reported so far
for the Malpighiales, possibly due to variation in length of inverted repeat (IR) regions,
gene loss, and intergenic region variation. We also detected a major inversion in the large
single-copy region unique to the family. The uncommon loss or pseudogenization of ycrT
and ycf2 in angiosperms and in land plants in general is also found to be characteristic
of Podostemaceae, but the compensatory mechanisms and implications of this and
of the pseudogenization of accD and rpl23 and loss of rps16 remain to be explained
in this group. In addition, we estimated a phylogenetic tree among selected species in
Malpighiales. Our findings indicate that the Podostemaceae are a distinct lineage with long
branches that suggest faster rates of evolution in the plastome of the group, compared
with other taxa in the order. This study lays the foundations for future phylogenomic
studies in the family.

Keywords: genome rearrangements, Malpighiales, phylogenomics, plastome, Podostemaceae
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INTRODUCTION

The plastids have a relatively small, maternally inherited, haploid
genome (Sugiura, 1992). It ranges between 120 and 170 kb in
length and is generally composed of a circular structure with
two IRs that are mirror images in terms of gene content (IRa and
IRD), separated from each other by a large and a small single-
copy regions (LSC and SSC, respectively) (Downie and Palmer,
1992; Sugiura, 1992). Because the plastome encodes genes that
are essential for fundamental processes such as photosynthesis
and its own replication, it has been generally understood that
its genome shows a relatively high degree of conservation in
size, structure, and gene content within land plants (Palmer,
1985; Wicke et al., 2011). However, structural rearrangements,
gene losses, and expansions and contractions in IRs are widely
documented across species (Goulding et al., 1996; Krause, 2011;
Weng et al., 2014; Schwarz et al., 2015; Xu et al., 2015; Rabah
et al, 2019; Shrestha et al., 2019). Such rearrangements have
been relevant in a systematic framework when supporting the
monophyly of certain groups (Jansen and Palmer, 1987; Downie
and Palmer, 1992; Hoot and Palmer, 1994; Cosner et al., 2004).
With the advent of next-generation sequencing technologies,
information from whole-genome data is quickly available at
a low cost (Metzker, 2009). Given that plastomes exist in high
copy numbers in plant cells, even a genome skimming approach
where the nuclear genome is sequenced at low-coverage provides
amechanism to obtain a fully assembled plastome as a byproduct
(Straub et al., 2012; Olmstead and Bedoya, 2019). Over the past
few years, this has provided the advantage of rapidly generating
whole-plastid sequences for a large number of taxa (Daniell
et al, 2016). This information has been used to disentangle
phylogenetic relationships and to study plastid evolution in
selected groups of plants (Ruhfel et al., 2014; Cauz-Santos et al.,
2017; Firetti et al., 2017; Gitzendanner et al., 2018; Li and Zheng,
2018; Liu et al., 2018; Li et al., 2019; Lloyd Evans et al., 2019).
Malpighiales is a large order with 36 families, more than 700
genera, and ~16,000 species (Wurdack and Davis, 2009; The
Angiosperm Phylogeny Group, 2016). Full plastid assemblies
for 111 species in the families Chrysobalanaceae, Clusiaceae,
Erythroxylaceae, Euphorbiaceae, Linaceae, Malpighiacee,
Passifloraceae, Salicaceae, and Violaceae currently reside in
the NCBI database. In addition, previous studies using whole-
plastome data of Passiflora edulis Sims (Cauz-Santos et al.,
2017) and of Byrsonima crassifolia (L.) Kunth and Byrsonima
coccolobifolia Kunth (Menezes et al., 2018) have provided insights
into plastome evolution in the order Malpighiales, reporting
rearrangements that are unique to Passifloraceae (Rabah et al.,
2019; Shrestha et al., 2019), identifying regions of high sequence
divergence, and helping resolve the phylogeny of the group.
Within the morphologically and ecologically diverse group
Malpighiales, the family Podostemaceae stands out for its unusual
habit (Xi et al., 2012). Riverweeds (as members of this family are
also called) are notable for living attached to rocks in fast-flowing
water habitats such as river rapids and waterfalls, with flowers
that project above the water surface and fruits that develop and
shed seeds only in the dry season when the water level is low
(van Royen, 1951; Philbrick and Novelo, 1995; Rutishauser, 1995;

Rutishauser, 1997; Philbrick and Novelo, 1998). Much
remains to be explored in Podostemaceae despite a number of
morphological (van Royen, 1951; Novelo and Philbrick, 1997;
Rutishauser et al., 1999; Jdger-Zirn, 2011), developmental
(Rutishauser, 1995; Rutishauser, 1997; Jager-Ziirn, 2005, Jager-
Zirn, 2007), and karyological (Oropeza et al., 1998; Oropeza
etal., 2002) studies followed by phylogenetic and biogeographical
investigations (Kita and Kato, 2001; Ruhfel et al., 2011; Tippery
et al., 2011; Koi et al., 2012; Ruhfel et al., 2016).

The extreme conditions experienced by the Podostemaceae
have resulted in highly modified vegetative and reproductive
morphologies (Eckardt and Baum, 2010). Such forms constitute a
taxonomical challenge because the high degree of modification of
vegetative and reproductive structures results in a small number
of morphological traits that are informative, making the study
of the biology and evolution of this group difficult. Given this
scenario, genomic data surface as the tool to gain better insight
into the evolution of this notable group of plants.

In this study, we present the fully annotated plastid
genomes of 5 species of Podostemaceae: Apinagia riedelii Tul.,
Marathrum capillaceum (Pulle) P. Royen, Marathrum utile Tul.,
Monostylis capillacea Tul., and Tristicha trifaria (Bory ex Willd.)
Spreng. We analyzed our data in a comparative framework
within Malpighiales to detect rearrangements and structural
characteristics of the plastome of this distinctive family,
taking advantage of the data already available in the order. A
phylogenetic tree was inferred with whole-plastid data to test
relationships and examine sequence divergence and amount of
change within the family and order. Our investigation constitutes
the first report of a complete nucleotide sequence and structure
of the plastid genome in the Podostemaceae.

MATERIALS AND METHODS

Taxon Sampling, DNA Extraction,

and Sequencing

Samples of A. riedelii, M. capillaceum, M. utile, M. capillacea, and
T. trifaria were collected in South America and Africa. Information
on collection localities and voucher specimens is shown in
Table 1. Together, these samples represent 2 of 3 subfamilies
within Podostemaceae (Podostemoideae and Tristichoideae).
Subfamily Tristichoideae is sister to a clade comprising the
Podostemoideae and the monotypic Weddellinoideae (Kita and
Kato,2001). Therefore, any patterns shared between Tristichoideae
and Podostemoideae would most likely be synapomorphies of the
Podostemaceae. All species included have a distribution restricted
to the Neotropics except for the pantropical T. trifaria.

Total genomic DNA was extracted from silica-dried leaf tissue
using a modified CTAB protocol and purified by isopropanol
precipitation, or via silica columns (Epoch Life Science, Missouri
City, TX, USA) from the aqueous supernatant after chloroform/
isoamyl alcohol purification (Neubig et al., 2014). DNA was run
on a 1% agarose gel to assess DNA quality, and concentration was
measured with a Qubit fluorometer using the dsDNA BR Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA). A volume of
90 uL of total DNA of M. utile was used to prepare a library with
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TABLE 1 | Provenance, voucher information, and/or GenBank accession numbers of the species in Malpighiales whose plastomes were included in this study.

Species Family Voucher (Herbarium) GenBank accession no. Collection locality
Hirtella racemosa Chrysobalanaceae — NC_024060

Garcinia mangostana Clusiaceae NC_036341

Byrsonima crassifolia Euphorbiaceae — NC_037192

Passiflora edulis Passifloraceae — NC_034285

Apinagia riedelii* Podostemaceae C.P. Bove 2513 (R) MN165812 Brazil, South America
Marathrum utile* Podostemaceae AMB 497 (ANDES) MN165814 Colombia, South America
Marathrum capillaceum* Podostemaceae C.P. Bove 2493 (R) MN165813 Brazil, South America
Monostylis capillacea* Podostemaceae C.P. Bove 2524 (R) MN165815 Brazil, South America
Tristicha trifaria* Podostemaceae A. Mesterhazy MLI 128(2) MN165816 Mali, Africa

Salix purpurea Salicaceae — NC_026722

Viola seoulensis Violaceae - NC_026986

Voucher number and collection locality are provided only for those species whose genome was generated in this study (*).

an average fragment size of 500 bp, using the Kapa Biosystems
Hyper prep kit at the QB3 Vincent J. Coates Genomics Sequencing
Laboratory at UC Berkeley. Whole-genome shotgun sequencing
was also performed at the QB3 Sequencing Laboratory, with
150 bp paired-end reads on 1 lane of an Illumina HiSeq4000. For
the remaining species, a volume of 50 uL of 50 ng/uL total DNA
was used to prepare libraries with average fragment size of 500 bp
by Rapid Genomics LLC (Gainesville, FL, USA). Whole-genome
sequencing of 150 bp paired-end reads was performed at the same
facility by multiplexing samples in 1 lane of an Illumina HiSeqX.

Plastome Assembly and Annotations

Read quality of paired-end Illumina reads was assessed in FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/),
and adapter sequences were removed using Trimmomatic (Bolger
et al., 2014). The pipeline GetOrganelle (Jin et al., 2018) was
used to select trimmed reads that corresponded to the plastid
using the plastome of Garcinia mangostana L. (Clusiaceae) as
a reference. The pipeline was also used to assemble the filtered
reads. The annotations of the plastomes of G. mangostana,
Manihot esculenta Crantz, and Salix purpurea L. (see Table 1
for GenBank accession numbers) were transferred to the final
circular plastid consensus sequences of A. riedelii, M. utile, M.
capillaceum, M. capillacea, and T. trifaria with the tool “Annotate
from source” in Geneious 9.1.8. (Biomatters Ltd., Auckland, New
Zealand). Annotations were manually inspected, and tRNAs
were further checked with tRNAscan-SE v2.0 as implemented in
GeSeq (Tillich et al., 2017). GC content and boundaries between
the IRa IRb, LSC, and SSC regions were determined in Geneious.
The diagrams for the circular genomes were obtained with the
program OGDRAW (Greiner et al., 2019).

In addition, a second approach to plastome assembly was
conducted for M. utile to confirm the output of GetOrganelle.
In this second assembly method, plastid filtered reads from
GetOrganelle were imported in Geneious 9.1.8. The BBDuk tool
was used to trim low-quality bases (Q20) and discard short reads
(<10 bp). Reads were further normalized and error corrected using
the tool BBNorm with target coverage level 30. A total of 225,896
filtered reads were assembled de novo using the Medium sensitivity/
Fast option in the Geneious Prime de novo assembler. The options
“Don’t merge variants” and “Produce scaffolds” were left unchecked.

In order to obtain a draft circular plastome, the consensus
sequence of the largest contig (112,008 bp with 41.9X mean
coverage) was generated. The Geneious Prime plugin “Find
Repeats” was used in order to find the IRs. The de novo assembly
of short reads in Geneious does not allow a full assembly of both
IRs. Instead, it generates a consensus sequence with 1 full IR and
the truncated ends of the second IR. For this reason, the latter were
trimmed, and the single instance of the full IR was extracted. This
extracted IR was reversed complement and concatenated with
the previously trimmed consensus sequence of the largest contig.
The generated draft genome was used as a reference to map the
trimmed paired reads without normalization. This map-to-
reference assembly was used for single nucleotide polimorphism
(SNP) variant calling and to generate a final full circular plastid
consensus sequence.

Plastome of Podostemaceae in a
Comparative Framework

To detect differences in the plastomes of the selected species of
Podostemaceae with respect to other Malpighiales, we compared
the assembled plastid genomes with six species representing
six plant families in the order Malpighiales. The families
included for comparison represent all the three major clades in
Malpighiales (Xi et al., 2012). Accession numbers for the species
included in this comparative analysis are listed in Table 1. Visual
inspection of rearrangements was performed using progressive
Mauve v.2.4.0 with default “seed families” and default values for
all other parameters (Darling, 2004). As Mauve cannot handle
duplicated regions, one of the IRs of each genome was manually
removed following Firetti et al. (2017). The boundaries between
the IRa IRb, LSC, and SSC regions in all species were inspected
in Geneious using the fully assembled plastids.

We used the software mVista in Shuffle-LAGAN mode
to explore variation in gene content within Malpighiales.
Garcinia mangostana was used as reference in order to detect
possible gene losses, gene variation, or gene conservation in
Podostemaceae. Genes with <50% similarity were inspected
directly in the annotated genomes of Podostemaceae to
determine if they were intact, open reading frames. In a
separate analysis, A. riedelii was used as reference to determine
the level of similarity across the whole-plastome sequence in
Malpighiales with respect to Podostemaceae.

Frontiers in Plant Science | www.frontiersin.org

August 2019 | Volume 10 | Article 1035



Bedoya et al.

Plastid Genomes of Podostemaceae

In order to test relationships and examine sequence divergence
and amount of change within both Malpighiales and Podostemaceae,
a phylogenetic tree was inferred using the plastid genomes of all
studied species. Averrhoa carambola L. (Oxalidaceae) was used as an
outgroup to root the tree. To generate the alignment, in each species
the IRb regions were deleted to remove duplicated genes; protein-
coding regions, tRNAs, rRNAs, and noncoding regions were
extracted, and all genes located on the reverse strand were reversed
complemented. The extracted regions were aligned with MAFFT
v7.309 in Geneious and then concatenated. The final alignment
was 134,969 bp long. The software PartitionFinder2 (Lanfear
et al,, 2016) was used to select the best partitioning scheme, using a
greedy search (Lanfear et al,, 2012) in RAXML (Stamatakis, 2014). In
the analysis, the three codon positions for each protein-coding region
and each tRNA and rRNA were considered separately. Noncoding
regions were analyzed together. Maximum likelihood phylogenetic
inference was performed using RAXML v8.2 (Stamatakis, 2014),
with the “rapid bootstrap analysis and search for best-scoring ML
tree option” and 10,000 bootstrap replicates. Per-partition branch
lengths were estimated independently.

RESULTS

Genome Content and Structure

in Podostemaceae

After sequencing, trimming, and selecting reads corresponding
only to the plastids in GetOrganelle, 1,581,656 paired reads

were recovered for A. riedelii, 1,443,458 for M. utile, 225,344
for M. capillaceum, 1,087,996 for M. capillacea, and 313,332 for
T. trifaria. The largest plastome was that of A. riedelii with a length
of 134,912 bp (1177.6X coverage), followed by M. capillaceum
with 134,374 bp (190.8X coverage), M. capillacea with 133,944 bp
(736.3X coverage), M. utile with 131,951 bp (1264.2X coverage),
and T. trifaria with 130,285 bp (217.6X coverage). Assembly of
the plastome of M. utile using Geneious 9.1.8 yielded the same
sequence as with GetOrganelle, but mean coverage was lower
(514.9X vs. 1264.2X).

All 5 full plastome assemblies in Podostemaceae showed the
typical quadripartite structure characteristic of the plastids (see
Figure 1). GC content in the IRs is higher than in other regions
of the plastid, possibly due to the presence of tRNA genes, as
suggested in Dipsacales (Fan et al., 2018). In the 5 species, the 2
IRs span 29.7% to 31.4% of the plastome (Table 2).

Gene content was the same across the Podostemaceae species
studied, with each genome including 71 protein coding genes,
30 tRNAs, and 4 rRNAs for a total of 105 genes, 13 of which
contain 1 intron and 1 (trnK-UUU), which contains 2 introns.
Of the total number of genes, 77 (~73.33) occur in the LSC, 10
(~9.52%) in the SSC, and 18 (~17.14%) in the IRs. With regard
to protein coding genes, 55 (~77.46%) are included in the LSC,
9 (~12.68%) in the SSC, and 7 (~9.86%) in the IRs. Most tRNAs
exist in the LSC region with 28 (~73.33%) tRNAs, followed by 7
(~23.33%) in the IRs, and only 1 (~3.33%) in the SSC region. All
rRNAs were found in the IRs. A full account of gene content for
the Podostemaceae species is listed in Table 3.

Apinagia riedelii

134,912 bp - £ 134,374 bp.

Morostylis capillacea
133,944 bp

FIGURE 1 | Plastid genomes of the 5 species of Podostemaceae included in this study. Only functional genes are drawn, and GC content graphs are included as
dark gray bars toward the center of each diagram. Intron-containing genes are marked with (*).

Marathrum capillaceum

Marathrum utile
131,951 bp

Tristicha trifaria
130,285 bp
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TABLE 2 | Structural information of the plastid genomes of Podostemaceae, Clusiaceae, Malpighiaceae, Chrysobalanaceae, Violaceae, Passifloraceae, and Salicaceae.
The percentages of the total size of the genome that corresponds to each region are included.

Species Family Plastome genome IRs length SSC length LSC length
size (bp) (bp) (bp) (bp)

Apinagia riedelii Podostemaceae 134,912 21,049 x 2 (~30.1%) 12,437 (~8.9%) 85,377 (~61%)
Monostylis capillacea Podostemaceae 133,944 21,026 x 2 (~31.4) 12,395 (~9.3%) 79,497 (~59.4%)
Marathrum utile Podostemaceae 131,951 19,945 x 2 (~30.2%) 12,283 (~9.3%) 79,778 (~60.5%)
Marathrum capillaceum Podostemaceae 134,374 21,041 x 2 (~31.3) 12,302 (~9.2%) 79,990 (~59.5%)
Tristicha trifaria Podostemaceae 130,285 19,349 x 2 (~29.7) 12,662 (~9.7%) 78,925 (~60.6%)
Garcinia mangostana Clusiaceae 158,179 27,009 x 2 (~34.1%) 17,704 (~11.2%) 86,457 (~54.7%)
Byrsonima crassifolia Malpighiaceae 160,212 26,975 x 2 (~33.7%) 17,814 (~11.1%) 88,448 (~55.2%)
Hirtella racemosa Chrysobalanaceae 162,891 26,866 x 2 (~33%) 19,915 (~12.2%) 89,244 (~54.8%)
Viola seoulensis Violaceae 156,507 26,404 x 2 (~33.7%) 18,008 (~11.5%) 85,691 (~54.8%)
Passiflora edulis Passifloraceae 151,406 26,152 x 2 (~34.5%) 13,378 (~8.8%) 85,724 (~56.6%)
Salix purpurea Salicaceae 155,590 27,459 x 2 (~35.3%) 16,220 (~10.4%) 84,452 (~54.3%)

TABLE 3 | Gene content in all Podostemaceae species included in this study.

Gene function

Gene group

Gene name

Self-replication

Photosynthesis

Other

Ribosomal RNA genes
Transfer RNA genes

Small subunit of
ribosome

Large subunit of
ribosome

RNA polymerase
subunits

Subunits of NADH
dehydrogenase

Subunits of
photosystem |
Subunits of
photosystem I

Subunits of
cytochrome b/f
complex
Subunits of ATP
synthase

Large subunit of
Rubisco
Maturase

Envelope membrane

protein

C-type cytochrome

synthesis
ORFs

rrn 4.5, rrn5, rrn16, rrn23
trnA-UGC*, trnC-GCA,
trnD-GUC, tmE-UUC, trnF-
GAA, tmfM-CAU, trG-GCC,
trnG-UCC*, trnH-GUG, trnl-
CAU, trnl-GAU*, trK-UUU*,
trnL-CAA, trnl-UAA*, trnL-
UAG, trmM-CAU, trnN-GUU,
trnP-UGG, trnQ-UUG, trnR-
ACG, tmR-UCU, tmS-GCU,
trnS-GGA, trnS-UGA, tmT-GGU,
trnT-UGU, trnV-GAC, trnV-
UAC™, trmW-CCA, trnY-GUA
ps2, rps3, rps4, rps7, rps8,
ps11, rps12, rps14, rps15,
ps18, rps19

rpl2*, rpl14, rpl16, rpl20, rpl33,
pI36

POoA, rpoB, rpoC1*, rpoC2

ndhA*, ndhB*, ndhC, ndhD,
ndhE, ndhF, ndhG, ndhH, ndhl,
ndhd, ndhK

psaA, psaB, psaC, psal, psaJ,
yef3*

PSbA, psbB, psbC, psbD, psbE,
psbF, psbH, psbl, psbJ, psbK,
psbL, psbM, psbN, psbT, psbZ
petA, petB*, petD*, oetG, petL,
petN

atpA, atpB, atpE, atpF*, atpH,
atpl
rbel

matK
cemA

CCSA

ycf4

Genes in bold correspond to genes that are located in the IRs and hence are
duplicated. Genes that contain introns are marked with asterisk (*).

Plastome of Podostemaceae

in a Comparative Framework

Within Malpighiales

Information on plastid genome size and size of the IRa, IRDb, LSS,
and SSC regions in all species shows that the Podostemaceae
possess the smallest genome of the species included in this
study (Table 2). This reduction is relatively uniform across
the IRs, LSS, and SSC, as the proportions of each region in
the plastid remain fairly similar in Malpighiales. However, in
Podostemaceae, the LSC region did not shrink as much as the
SSC and IRs regions, occupying a slightly larger percentage of the
plastid in Podostemaceae (Table 2). Inspection of the plastomes
of Podostemaceae and selected members of the Malpighiales
with Mauve shows a large inversion of ~49,000 bp in the LSC
region. The inversion is located between the genes rbcL and
trnK. This rearrangement is unique in Podostemaceae with
respect to the other Malpighiales species inspected (Figure 2).
Other rearrangements are seen in P. edulis as previously reported
(Cauz-Santos et al., 2017; Shrestha et al., 2019).

A comparison of border positions of the four plastid regions
in the full organelle sequences across the 11 species studied is
shown in Figure 3. The LSC/IRb border is located within the
rps19 gene, creating a 220-bp truncated copy (pseudogene) in
the IRa in all the Podostemaceae species studied, as well as in
G. mangostana and Hirtella racemosa Lam. In Viola seoulensis
Nakai, this duplicated fragment is only 68 bp, in line with
previous work (Menezes et al., 2018). Variations in the length
of the IRb in B. crassifolia, S. purpurea, and P. edulis caused the
LSC/IRb border to fall within the rpl22 gene in the former two
species, and between rpl22 and rps19 in P. edulis. This created a
pseudogene in the IRa of both B. crassifolia and S. purpurea. In
Podostemaceae and in G. mangostana, the boundaries of trnH
and the truncated copy of rps19 overlap by 7 bp in the IRa. In
all species except in P. edulis, trnH-GUG is the first gene in the
LSC region. This exception has been proposed to be caused by a
small inversion at the beginning of the LSC region containing the
psbA and trnH-GUG genes (Cauz-Santos et al., 2017). The SSC/
IRa is located within the ndhH gene in A. riedelii, M. capillaceum,
M. capillacea, and M. utile, creating a pseudogene in the IRb.
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FIGURE 2 | Alignment resulted from Mauve showing a large inversion shared by all Podostemaceae. Color bars indicate syntenic blocks, and connecting lines

indicate correspondence of blocks across genomes.

This border is shifted to the rps15 gene in T. trifaria and P. edulis,
where a small fragment of this gene (< 20 bp long) spans the IRa
and is duplicated in the IRb. In the remaining species, the SSC/
IRa border falls in the ycfl gene, which is located downstream
of the ndhH and rps15. As a consequence, a ycfl pseudogene
is produced in the IRb. This gene is reduced to a pseudogene
in Podostemaceae.

An alignment of 11 species in six families with G. mangostana
used as reference is shown in Figure 4. In this alignment, the
large inversion previously identified was reinverted in order
to enhance visualization and allow gene content comparison.
We found that species in Podostemaceae share the loss of the
rps16 gene with most other Malpighiales, except for B. crassifolia
(Malpighiaceae), where the gene is present. Similarly, the
Podostemaceae are like other Malpighiales in the retention of
the atpF Group Il intron, which is absent only in P. edulis. On the
contrary, the gene for the subunit of acetyl-Co-A-carboxylase

(accD) is highly divergenet in the Podostemaceae and not
in frame in M. capillacea and in M. capillaceum. The large
subunit of ribosome protein (rpl23), and the chloroplast open
reading frames ycfI and ycf2 are reduced to pseudogenes only
in Podostemaceae and in P. edulis (Cauz-Santos et al., 2017)
(Figure 3).

The analysis performed in mVista using A. riedelii as reference
is shown in Figure 5. Apinagia riedelii, M. capillaceum, M. utile,
and M. capillacea, all members of the Podostemoideae, show high
similarity across their plastome. In fact, the percentage similarity
supports that all four species belonging to this subfamily are
more similar to each other than any of them are to Tristicha, in
the subfamily Tristichoideae. As expected, similarity is higher in
coding regions than in intergenic sequences.

Phylogenetic analysis was conducted using an optimal
scheme with 53 partitions as resulted from PartitionFinder2.
Information on partitions and substitution models is included
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FIGURE 3 | Comparison of border positions of the 4 plastid regions (LSC, IRb, SSC, IRa) among plastomes of Ar, Apinagia riedelii; Mc, Marathrum capillaceum,; Mu,
Marathrum utile; MoC, Monostylis capillacea; Tt, Tristicha trifaria; Gm, Garcinia mangostana; Bc, Byrsonima crassifolia; Hr, Hirtella racemosa;, Vs, Viola seoulensis;
Pe, Passiflora edulis; Sp, Salix purpurea. Functional genes and truncated fragments are shown with the same color. The sizes of fragments in genes that are located
in a boundary are shown.

in the Supplementary Material. Among the Podostemaceae,
the Podostemoideae are supported as monophyletic and sister to
T. trifaria (Figure 6). The phylogeny also shows that the branches
leading to taxa in the Podostemaceae from the common ancestor
of Malpighiales are much longer than the branches leading to
other taxa within the order. Garcinia mangostana (Clusiaceae)
is supported as sister to Podostemaceae (100% bootstrap), in
line with previous work, but this clade was found as sister to
H. racemosa (Chrysobalanaceae), contrary to previous work (Xi
et al., 2012; Menezes et al., 2018) where Chrysobalanaceae is
found as more closely related to Malpighiaceae. Salix purpurea,
P edulis, and V. seoulensis are supported as a clade (100%
bootstrap), and the relationships among them are in agreement
with Xi et al., 2012. However, B. crassifolia (Malpighiaceae) is
reconstructed as sister to this clade (85% bootstrap), and as
mentioned above, this contradicts previous published work (Xi
et al., 2012; Menezes et al., 2018).

DISCUSSION

The 130,218- to 134,912-bp size range of the plastome reported
in this study for Podostemaceae species falls within the average
size of angiosperm plastomes (Sugiura, 1992). However, it is

notable that the full plastid genomes generated here for the family
are among the smallest reported so far in Malpighiales (Shrestha
etal., 2019; https://www.ncbi.nlm.nih.gov/genome).

It has been proposed that plastome size variation could be caused
by variation in length of IR regions, gene loss, and intergenic region
variation (Palmer et al., 1987; Wolfe et al., 1992; Wakasugi et al., 1994;
Chumley et al., 2006; Xiao-Ming et al., 2017). We have reported
here that the IRs in the Podostemaceae are ~6 kb smaller than in
the other Malpighiales used for comparison (Table 2), and we have
also reported the loss of rps16 and reduction to pseudogenes of accD
(in some species of Podostemaceae), ycfl, and ycf2. However, the
average size of the plastome of Podostemaceae is smaller than the
other Malpighiales examined here by 16 to 28 kb, and this difference
cannot be explained by a smaller length of the IRs and by gene losses
alone. Intergenic region variation as well as intron loss also contribute
to this difference in plastome size, considering that the number of
introns reported for Podostemaceae is smaller than in P, edulis (Cauz-
Santos et al,, 2017) and that intergenic regions are the most variable
in our comparative study (Figure 4). Indeed, when calculating the
total length of intergenic regions in Podostemaceae and of the other
species in Malpighiales analyzed here, the Podostemaceae are shorter
by ~5.5kp on average. This implies that all three processes responsible
for genome size variation mentioned above are responsible for the
reduction in size of the plastomes in Podostemaceae.
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FIGURE 4 | Comparison of percentage identity of plastomes in mVista using Garcinia mangostana (Gm) as reference. Ar, Apinagia riedelii; Mc, Marathrum
capillaceum; Mu, Marathrum utile; Moc, Monostylis capillacea; Tt, Tristicha trifaria; Bc, Byrsonima crassifolia; Hr, Hirtella racemosa; Vs, Viola seoulensis; Pe,
Passiflora edulis; Sp, Salix purpurea. The vertical axis corresponds to the percentage identity (50%-100%), while the horizontal axis shows the position of each
region within the locus. Arrows indicate the transcription of annotated genes in the reference genome. Genome regions are color coded.

The large rearrangement in the LSC region appears to be a
synapomorphy of Podostemaceae, but this observation should
be confirmed in more species in the family before this trait is
considered to be of any systematic relevance. Other structural
rearrangements have been reported in Malpighiales such as the
3 inversions in the LSC region in P. edulis (Cauz-Santos et al.,
2017), high rates of rearrangements in Passiflora (Rabah et al.,
2019; Shrestha et al., 2019), and a single small inversion in the
LSC region of Hevea brasiliensis (Tangphatsornruang et al.,
2011). We found no evidence of other structural rearrangements
within Podostemaceae.

Evaluation of the boundaries of the 4 plastid regions across
all species suggests that the locations of borders of the IRs in
the Podostemoideae sampled are fairly conserved, but differ to
asmall degree in all 5 species studied. This is consistent with the
IR boundaries being in a dynamic state in most angiosperms
(Goulding et al., 1996). A change in length in the IRs of
T. trifaria, which are slightly smaller than in Podostemoideae
(Table 2), could be interpreted as either a contraction
of the IRs in T. trifaria or an expansion of the regions in
Podostemoideae. Either way, expansions and contractions
of the IRs have occurred more than once in Malpighiales,
creating pseudogenes (Cauz-Santos et al., 2017; Menezes et al.,
2018; Shrestha et al., 2019). Podostemaceae are no exception
to these variations in length, but as mentioned above, these do
not seem to be the sole reason why Podostemaceae have one of
the smallest plastomes in Malpighiales.

With regard to gene content, the retention of the atpF Group
II intron is considered an ancestral condition in land plants with
a single gain within the streptophytes, before the origin of land
plants, followed by losses in charophytes (Daniell et al., 2008).
This intron has also been found to be lost from the plastome
of members of Euphorbiacceae, Phyllanthaceae, Elatinaceae,
Lophopixidaceae, and Passifloraceae (Daniell et al., 2008).
Podostemaceae is a lineage within Malpighiales that retains the
ancestral state for presence of the atpF group II intron.

Targeted gene disruptions in tobacco have identified four plastid
genes with essential functions beyond photosynthesis: accD, cIP,
ycfl, and ycf2 (Drescher et al., 2000; Kuroda and Maliga, 2003; Kode
etal., 2005; Kikuchi et al., 2013; Parker et al., 2014; Dong et al,, 2015).
Even though these four genes are retained in the plastid genomes of
most angiosperms, including parasitic species that are chlorophyll-
deficient (dePamphilis and Palmer, 1990; Funk et al., 2007; Jansen
et al., 2007; Parker et al., 2014), there are multiple other parasitic,
mycoheterotrophic plants, and taxa outside Malpighiales where
these genes are missing from the plastids (Kim, 2004; Magee et al.,
2010; Lei et al,, 2016; Graham et al., 2017). As reported here, some of
these genes may have been reduced to pseudogenes independently
in Podostemaceae and in Passiflora (Shrestha et al., 2019).

The pseudogenization or loss of genes from the plastids has
been reported to be a consequence of it being transferred to the
nuclear genome (Jansen et al., 2011; Cauz-Santos et al.,, 2017).
This event of plastid gene transfer remains to be examined in
Podostemaceae. The rps16 gene is considered to be present in
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the common ancestor of land plants (Daniell et al., 2016) and is
found in the plastomes of most angiosperms (Ueda et al., 2008).
However, it has been repeatedly reported as lost in Malpighiales
(Asif et al., 2010; Daniell et al., 2008; Jansen et al., 2007; Steane,
2005), including our findings of it being missing in Podostemaceae
and in other angiosperms (Keller et al., 2017). The multiple losses
of rps16 from the plastids have been explained by the fact that the
nuclear encoded rps16 is dually targeted to the mitochondria and
the plastids (Ueda et al., 2008; Keller et al., 2017). This has also
been reported to be responsible for the pseudogenization of rpl23
(Bubunenko et al., 1994). Examination of the presence of this
gene in the mitochondrial and nuclear DNA would be necessary
to test if this explanation also applies to Podostemaceae.

The ycf] gene is one of the largest and most variable genes
in the plastid genome of land plants, and as mentioned above,
it has been proposed to be fundamental for plant function as a
key component of the general protein import channel (Dong
et al., 2015; Kikuchi et al., 2013). It is rarely missing from the
plastome of autotrophic plant lineages, with the exception of
Poaceae, some species of Passiflora, Vaccinium macrocarpon,
and some species of Erodium (de Vries et al., 2015). However,
this gene is more commonly lost from the organellar genome of
parasitic, mycoheterotrophic, and carnivorous plant taxa such as
Orobanche purpurea, species in Droseraceae, and a number of
orchids (Guisinger et al., 2010; Parker et al., 2014; Graham et al.,
2017; Nevill etal., 2019). Our finding that ycfI is pseudogenized in
Podostemaceae adds this group to one of the unique autotrophic
lineages in angiosperms where this is known to have occurred.
However, the mechanisms that compensate for this loss and the
implications of it remain to be studied.

The high similarity across the plastome in the subfamily
Podostemoideae (Figure 5), which are more similar to each
other than they are to T. trifaria, is explained by the fact that the
members of this subfamily share a more recent common ancestor
(Figure 6). The short branches within Podostemoideae indicate
that fewer changes have accumulated since the species diverged,
possibly as a consequence of recent speciation events with little
subsequent sequence evolution (Soltis et al., 2019). Additionally,
the fact that the branches leading to taxa in the Podostemaceae
from their common ancestor in Malpighiales are much longer
than the branches leading to other taxa within the order is an
indicator of faster rates of evolution in the plastome of riverweeds,
giving support to previous suggestions (Ruhfel et al., 2016).

Long branches depicting accelerated rates of evolution have
been reported in parasitic plants, where multiple changes in
the chloroplast respond to a switch from an autotrophic to a
heterotrophic metabolism, causing a reduced function of the
genome (Young and dePamphilis, 2005; Stefanovic et al., 2007;
Lemaire et al., 2011; Givnish et al., 2018). However, the switch
from autotrophy to heterotrophy has not occurred in the
Podostemaceae. Instead, faster rates of evolution in Podostemaceae
could be explained by their rapid life cycle and shorter generation
times; most species of Podostemaceae are annual herbs because
they depend on the water level to complete their life cycle, dying
and shedding seeds in the dry season when the water level is low.
This inverse correlation between evolutionary rate and generation
time has been suggested for plants as well as for other organisms

such as mammals (Bromham et al., 1996; Verdu, 2002; Smith
and Donoghue, 2008). Interestingly, the same pattern of long
branches observed in Podostemaceae has been found in the
Hydrostachyaceae (Cornales) based on phylogenetic analysis
using plastid data (Olmstead et al., 2000; Albach et al., 2001;
Fan and Xiang, 2003), and the Hydrostachyaceae are the only
angiosperm family that shares the unique habit of Podostemaceae
(Jager-Ziirn, 1998; Qiu-Yun Xiang, 1999; Rutishauser et al., 2005).
However, faster rates of evolution have also been correlated to
other life history traits such as plant height, genome size, and
age at first reproduction among others (Lehtonen and Lanfear,
2014; Bromham et al., 2015). Which factors are responsible for
faster rates of evolution in Podostemaceae and whether they
(it) has anything to do with the habit of Podostemaceae and
Hydrostachyaceae, remain to be determined.

The phylogenetic relationships found here for the
selected species of Malpighiales (Figure 6) are in line
with previous work where Salicaceae and Passifloraceae
are in a clade that shares a more recent common ancestor
with Violaceae (and Goupiaceae), whereas Clusiaceae
and Podostemaceae are together in a separate clade (Xi
et al, 2012; Cai et al, 2019). The relationships within
Podostemaceae also follow previous work that suggest that
Marathrum is paraphyletic (Tippery et al., 2011; Philbrick
et al., 2018), calling for a revision of the classification of the
genus. Our results (Figure 6) also follow a recent study (Cai
et al., 2019) in the placement of Chrysobalanaceae, using
5,113 orthology clusters to infer a phylogeny of Malpighiales.
These results contradict previous works (Xi et al, 2012;
Menezes et al., 2018) that have placed Chrysobalanaceae and
Malpighiaceae as more closely related to one another than they
are to any of the other families in the Malpighiales included
here. The incongruence across data sets is in the deep nodes
within the order, reinstating the difficulty in reconstructing
deep nodes in Malpighiales (Wurdack and Davis, 2009).

CONCLUSIONS

In this study, we assembled five full plastid genomes of species in
Podostemaceae and analyzed them in a comparative framework
within Malpighiales. We detected an important inversion
in the LSC region that could be of systematic relevance as a
synapomorphy of the group and also described slight variations
in the length of the IRs in all the species included in the study.
The plastomes of the family are among the smallest reported to
date in the order Malpighiales, and we suggest that this small size
is a result of a combination of variation in length of IR regions,
gene loss, and intergenic region variation and intron loss. Gene
content is the same within the Podostemaceae, and some of the
gene loss and pseudogenization events reported are common in
angiosperms (e.g., rps16, rpl23, and accD), whereas others are
very rare (e.g., ycfl and ycf2). The mechanisms that compensate
for these losses and the implications of their occurrence in
Podostemaceae remain a subject of study. Our results suggest
an accelerated rate of evolution for the group and reinstate
the difficulty in the inferring relationship in deep nodes in
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Malpighiales. Ultimately, this study provides insights into the
structure and evolution of plastomes in Podostemaceae and lays
the foundations for phylogenomic studies in the family.
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Summary

e Northern South America is a geologically dynamic and species-rich region. Fossil and stratigraphic
data show that mountain uplift in the tropical Andes reconfigured river drainages. These landscape
changes shaped the evolution of the flora in the region, yet the impacts on aquatic taxa have been
overlooked.

e We explore the role of landscape change on the evolution of plants living strictly in rivers across
drainage basins in northern South America by conducting population structure, phylogenetic inference,
and divergence-dating analyses for two species in the genus Marathrum (Podostemaceae).

e Mountain uplift and drainage basin formation isolated populations of M. utile and M. foeniculaceum in
northern South America and created barriers to gene flow across river drainages. Sympatric species
hybridize and the hybrids show the phenotype of one parental line. We propose that the pattern of
divergence of populations reflects the formation of river drainages, which was not complete until <4.1
Ma.

e Our study provides a clear picture of the role of landscape change on the evolution of plants living
strictly in rivers in northern South America. By shifting the focus to aquatic taxa, we provide a novel

perspective on the processes shaping the evolution of the Neotropical flora.

Key words: Andean uplift, Marathrum, Neotropics, next-generation sequencing, northern South America,

phylogenetics, rivers, target enrichment

Introduction

Landscape change is recognized as a major driver of lineage diversification (Hoorn ef al., 2013). In the
Neotropics, the most species-rich region in the world, the uplift of the Andean cordillera not only contributed
directly and indirectly to the assembly of the terrestrial biota (Janzen, 1967; Kattan et al., 2004; Antonelli &
Sanmartin, 2011; Sklenaf et al., 2011; Smith et al., 2014; Hoorn et al., 2018; Quintero & Jetz, 2018), but also
impacted the evolution of riverine organisms by shifting the physical locations of watersheds (Albert ef al.,
2006, 2020; Albert & Crampton, 2010; Picq et al., 2014; Tagliacollo et al., 2015; Ruokolainen et al., 2019).
Andean uplift played a major role in the diversification of terrestrial plants in the Neotropics (Hughes &
Eastwood, 2006; Madrifian et al., 2013; Niirk ef al., 2013; Lagomarsino et al., 2016; Pérez-Escobar ef al.,
2017; Richardson et al., 2018; Testo et al., 2019). However, the impacts of Andean uplift and landscape

changes on plants in rivers remains unaddressed.

This article is protected by copyright. All rights reserved



Within the Neotropics, northern South America (nSA) stands out for its heterogeneous terrain, with the Andean
cordillera splitting into three ranges, i.e., the Western (WC), Central (CC), and Eastern Cordilleras (EC).
Another important topographic element in the region is the Sierra Nevada de Santa Marta (SNSM), which is a
separate formation from the Andes and provides the highest coastal relief on Earth (Duque-Caro, 1979;
Villagémez et al., 2011; Parra et al., 2019). Multiple rivers originate in the SNSM, with evidence for uplift of
this mountain system taking place no earlier than 2 Ma (Villagémez et al., 2011; Parra et al., 2019). Rivers on
the northern slope of the SNSM drain to the ocean whereas those in the southern slopes are part of the
Magdalena drainage basin (Abell ez al., 2008), although they are not connected through fast-flowing water
currents to the other tributaries of this watershed. Palynological, stratigraphic, and macrofossil data (Latrubesse
et al.,2010; Hoorn et al., 2010) support a landscape evolution model in which from the late Miocene (ca.
11Ma) to present, exceptionally rapid uplift of the Andes transformed the aquatic ecosystems in the region by
causing a shift from a wetland-dominated environment (Pebas Lake) to the formation of current drainage

basins, i.e., Pacific, Sierra Nevada de Santa Marta (SNSM), Magdalena, Orinoco, and Amazon.

Given the dynamic nature of the landscape in nSA and the role of the Andes in shaping rivers in the region,
here we investigate how drainage basin formation linked to Andean uplift shaped the evolution of river plants.
We use as model systems two species of aquatic plants that live strictly in rivers: Marathrum utile Tul. and
Marathrum foeniculaceum Bonpl, which are in the family Podostemaceae (riverweeds). This family is unlike
any other angiosperms (except for the Hydrostachyaceae that are restricted to Africa and Madagascar), in that
they are herbs living attached to rocks partially or completely submerged in tropical fast-flowing aquatic

ecosystems like river-rapids and waterfalls (Fig. 1; van Royen, 1951; Philbrick & Novelo, 1995).

Marathrum utile and M. foeniculaceum are distributed from Central America to nSA, and they occur in
sympatry in part of their range (Fig. 1). The two species are the only taxa in the Podostemaceae (ca. 270
species; Novelo et al., 2009), and of plants inhabiting fast-flowing aquatic ecosystems, with allopatric
populations currently disconnected from each other by the Andes, the SNSM, inter-Andean valleys, and the
lowlands between the Andes and the SNSM.

As is characteristic of the Podostemaceae, M. utile and M. foeniculaceum are mostly annuals and have flowers
with a reduced perianth and capsular fruits that are produced and project above the water surface in the dry
season (Fritsch, 1903; Willis, 1915; Philbrick & Novelo, 1998; Koi et al., 2015). Hundreds of seeds are shed

prior to the onset of the wet season when the water level is still low, and attach to the rock with a sticky
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mucilage (Reyes-Ortega et al., 2009). The adult plants remain vegetative and attached to rocks via adhesive
hairs and a biofilm of cyanobacteria (Rutishauser ef al., 1999; Jager-Ziirn & Grubert, 2000). These life history

characteristics suggest a reduced dispersal ability across the entire family (Philbrick et al., 2010).

Marathrum utile and M. foeniculaceum are readily recognizable from one another in that they have distinctive
leaf types; Marathrum foeniculaceum has highly dissected leaves, and M. utile is the only species in the genus
with entire, laminar leaves (van Royen, 1951) (Fig. 1). However, the genus Marathrum has a high degree of
modification of the vegetative organs, which are thalloid in appearance, (Rutishauser, 1995, 1997; Rutishauser
et al., 1999) and a reduced number of reproductive characters useful for classification (Philbrick, pers. comm.).
This has resulted in high levels of synonymy in the genus (Novelo & Philbrick, 1997; Novelo et al., 2009;
Tippery et al., 2011; Table S1), with 30 species initially described (van Royen, 1951) and only 10 currently

recognized.

Marathrum utile and M. foeniculaceum are an ideal system for investigating the impact of Andean uplift and
drainage basin reconfiguration on the evolution of riverine plants in nSA. In particular, these species are
restricted to riverine habitats, they have a broad distribution across the northern Andes, their life history should
restrict their dispersal ability, and they are broadly sympatric yet readily differentiated based on phenotype.
Focusing on these aquatic taxa provides a novel perspective on the processes that are responsible for the
assembly of Neotropical plants and on how evolutionary trajectories are shaped by geology and the natural
history of species. We specifically aim to 1) test if the geographical separation of drainage basins interrupted
by the Andes, the SNSM, and inter-Andean valleys limits gene flow and structures populations according to
river drainages, 2) determine if the timing of divergence events in populations of the two species in nSA
correspond with the currently proposed timing of Andean uplift, and 3) provide a hypothesis for the pattern and
timing of drainage basin separation. To accomplish these goals, we generate target enrichment and ddRADseq
data to infer population structure within species and phylogenetic relationships of populations and species,

which could include reticulation.

Materials and Methods

Data collection and processing
We collected 118 individuals; 75 individuals with the phenotype of M. foeniculaceum, 40 of M. utile, and three
of Weddellina squamulosa Tul. across the Andes and the Sierra Nevada de Santa Marta (SNSM) (Fig. 2).
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Sampling covered three major localities in three drainage basins: 1) Caribe (northern and south-eastern slopes
of the SNSM basin), 2) Antioquia (eastern slope of the Central Cordillera in the Magdalena basin), and 3)
Boyaca (eastern slope of the Eastern Cordillera in the Orinoco basin) (Fig. 2, Table S2). Caribe is a coastal
region in Colombia that spans multiple political units (departments), whereas Antioquia and Boyaca each
corresponds to a single department where plants were collected. Collecting effort in the three major localities
included 21 sites (rivers and waterfalls) and individuals were collected from various sections of the river and

different rocks.

Samples were preserved as vouchers and leaf material was stored in silica gel. We extracted DNA from silica-
dried leaf material using a modified CTAB protocol (Doyle & Doyle, 1987), purified the DNA extracts with
isopropanol precipitation, and assessed DNA concentration and fragmentation levels using a Qubit fluorometer

and gel electrophoresis (1% agarose gels).

Double digest Restriction Associated DNA sequencing (ddRADseq)

To explore phylogenetic relationships in M. utile and M. foeniculaceum in nSA, we prepared ddRADseq
libraries for 115 samples following Peterson ef al., 2012. In brief, we used Pst/ and Mspl to double digest ca.
500 ng high-molecular weight DNA and purified fragments with Sera-Mag SpeedBeads prior to ligation of
barcoded Illumina adapters. Libraries were size selected to 415—-515 bp on a Pippin prep (Sage Science) using a
modified protocol where pooled samples were each run in a separate lane and size selected in reference to one
lane running only the R2 marker reagent. Final library amplification used Illumina indexed primers and HF-
Phusion TAQ. We determined library size distributions and concentrations on an Agilent 2200 TapeStation.
Samples were sent to the QB3 sequencing facility at UC Berkeley, where sequenceable library concentrations
were determined prior to multiplexing equimolar amounts of each library and sequencing 150 single-end reads

in two lanes of an Illumina HiSeq 4000.

Following the exclusion of 20 samples that failed sequencing or had low coverage, ddRADseq data for the
remaining 95 samples were quality checked with FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and demultiplexed and assembled in ipyrad
v0.9.42 (Eaton & Overcast, 2020) using a clustering threshold of 0.88. We removed consensus sequences that
had low coverage (6 reads), excessive undetermined or heterozygous sites (>12), an excess of shared
heterozygosity among samples (paralog filter=0.5), and included loci present in at least four individuals.

Preliminary inspection of our resulting assemblies showed that there where high levels of missing data in our

This article is protected by copyright. All rights reserved



ddRADseq dataset with no loci shared across >90% of the samples and only 70 loci shared across half of the
samples (Table S3). To increase the number of shared loci recovered and allow for direct comparison of our
two genomic datasets, we selected the ddRADseq samples that were successfully sequenced in our target
enrichment (TE) dataset (n=34) (details of TE experiment below). Reads from this subset where assembled in
ipyrad v0.9.42 (Eaton & Overcast, 2020) with parameters specified as described above, and we generated two
assemblies that included loci that were present in at least 17 individuals (minl7; 50% missing data) and at least

4 individuals (min4; ~88% missing data).

Low-depth genome of Marathrum and identification of loci for target enrichment

We collected genome-skimming data for one individual of Marathrum utile (Table S2) generated at the QB3
sequencing facility (Berkeley, CA). Total DNA was sheared to a target size of 300—500 bp and 150 paired-end
reads were sequenced in an [llumina HiSeq 4000. Genome-skimming reads were loaded in FastQC to assess
sequence quality and adapter sequences were removed with Trimmomatic v0.39 (Bolger et al., 2014). De novo

assembly was performed with the CLC Genomics Workbench 8 (https://digitalinsights.qiagen.com).

To select a set of target sequences that are nuclear, single-copy, and have orthologs across Marathrum, we
applied the methods in Chau et al., 2018. Briefly, the de novo assembled genome of M. utile, a transcriptome of
Hypericum perforatum L. (Hypericaceae) (One Thousand Plant Transcriptomes Initiative, 2019; Carpenter et
al., 2019), a plastome of Garcinia mangostana L. (Calophyllaceae), and a mitochondriome of Populus tremula
L. (Salicaceae) (Table S2) were used as input for the pipeline Sondovac (Schmickl et al., 2016). We
complemented the target loci identified with Sondovac with the Arabidopsis-Populus-Vitis-Oryza shared
single-copy genes (APVO SSC) and pentatricopeptide repeat genes (PPR) (downloaded from
http://www.arabidopsis.org), which are shared across angiosperms and have been found to be useful for
resolution of inter-specific relationships in some plant groups (Yuan et al., 2009, 2010; Duarte et al., 2010;
Methods S1). Design of probes targeting a loci space of 214,484 bp for 536 exons in 217 genes with 2x tiling
density was performed by RapidGenomics (Gainesville, Florida, US).

Target enrichment sequencing and assembly

Taxon sampling for the TE experiment was guided by a preliminary phylogenetic analysis of all the ddRADseq
data using SVDquartets with unlinked SNPs (Fig. S1; Chifman & Kubatko, 2014). Of the 118 samples
collected, we selected 46 individuals for TE with the aims of 1) including specimens with high-quality genomic

DNA and high coverage across the ddRADseq assembly, 2) sampling multiple individuals per populations in
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each drainage basin, and 3) providing equal representation of the clades identified by the ddRADseq data.
Sequencing was performed by RapidGenomics (Gainesville, Florida, US). Briefly, 250-1000 ng of high-
molecular weight DNA was fragmented to a target size of 400 bp. Enriched pools were combined in equimolar
ratios, probes were hybridized to pools to enrich for targets, and 150 paired-end reads were sequenced in 25%

of a lane of an Illumina HiSeq 3000.

We quality checked the demultiplexed reads with FastQC, removed adapter sequences with Trimmomatic and
assembled loci with HybPiper v. 1.3.1 (Johnson ef al., 2016). We assessed paralogs by 1) extracting sequences
from alternate contigs for exons with paralog warnings with the scripts ‘paralog_investigator.py’ and
‘paralog_retriever.py’, 2) aligning sequences for each exon with paralog warning with MAFFT v7.309 (Katoh
& Standley, 2013) and inspecting the alignments, and 3) inferring and examining phylogenetic trees for each
exon with paralog warnings (Methods S2; Fig S2). Resulting exon sequences from the same gene were
concatenated and gene alignments were created with MAFFT using the automatic alignment strategy in
Geneious v9.1.8. (Biomatters Ltd., Auckland, New Zealand), followed by manual inspection. This method of
concatenation takes the allele chosen by Hybpiper (Methods S2) for each exon. However, without knowledge
of linkage across exons within a gene, this could result in chimeric sequences for multi-exon genes. To test the
impact of this strategy on phylogenetic inference, we reran all analyses that use the concatenated exons
(SVDquartets, ASTRAL, and ML; described below) using only single-exon genes (71 genes). Assembly of
genes with introns was attempted but capture of intronic regions was highly uneven across samples, resulting in
poorly aligned sequences with a 45% increase in the amount of missing data in the total data matrix and with

over 80% missing data for multiple samples across loci.

Population structure and genetic constitution across drainage basins

To examine population structure we ran ADMIXTURE v1.3 (Alexander ef al., 2009) and considered clustering
scenarios with up to 6 groups (K=1-6). SNPs used as input were extracted from our TE data with dDocent
(Puritz et al., 2014) by mapping the sequenced reads to the reference sequences of our targeted loci, assembling
the reads, and calling SNPs (clustering threshold (c)= 0.88, default values for remaining parameters). We
further filtered our resulting SNPs to include loci with no missing data, only one SNP per locus (--thin 5,348
which is the maximum gene length), and a minor allele frequency >0.05 using VCFtools (Danecek et al.,
2011). We generated biallelic SNPs with Plink V1.9.0 (Purcell et al., 2007). Given the high levels of missing
data in the ddRADseq loci, we did not use these data for population structure inference. Admixture graphs

were plotted with structurePlotter (https://zenodo.org/badge/latestdoi/79741087).
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To further characterize the genetic constitution of populations, the overall heterozygosity (% of all SNPs that
are heterozygous from the unlinked and filtered SNPs extracted with dDocent) was estimated with VCFtools (-
-het function). We looked for ploidy variation across individuals by calculating the distribution of allele
frequencies at biallelic SNPs with nQuire (Weil} et al., 2018). For each individual, we used the binary
alignment maps resulting from read assembly with dDocent and reduced noise (mismappings) by removing
frequencies below 0.2 (--denoise) as recommended by Corréa dos Santos et al., 2017. We inspected the
distribution of allele frequencies( --histo), calculated the best-fit between the ideal and empirical histograms (--
histotest), and estimated delta likelihood values after comparing experimental data against the maximized log-
likelihood of the free model (--Irdmodel) (Viruel et al., 2019).

Phylogenetic inference

Bifurcating relationships

A total of 42 samples were successful in the TE experiment (four Marathrum samples failed sequencing or
recovered relatively short exons of low quality; Fig. S3). To eliminate the conflict that can arise in
phylogenetic reconstruction with the inclusion of admixed individuals (Leaché et al., 2014; McVay et al.,
2017; Garcia et al., 2017; Zhang et al., 2019; Ginsberg et al., 2019), we removed samples inferred as admixed
with ADMIXTURE. We reassembled the ddRADseq dataset with ipyrad, excluding admixed individuals (17
ddRADseq samples retained) with loci shared across minimum 4 individuals (min4pures) to maximize the

number of SNPs recovered across quartets of samples.

The recovered genetic units from ADMIXTURE were used as the operational taxonomic units for species tree
inference with ASTRAL III (Zhang et al., 2018) and SVDquartets (Chifman & Kubatko, 2014). Target
enrichment data was used to infer 50% consensus majority rule unrooted gene trees in MrBayes v3.2.7
(Ronquist & Huelsenbeck, 2003) with the TICR pipeline (Stenz ef al., 2015). We by-passed model selection
and specified the parameter-rich GTR+G model of substitution. MrBayes was run with 3 runs, 4 chains, 10
million generations, a sample frequency of 200, and a burn-in fraction of 0.25. Convergence of chains was
assessed in Tracer (ESS>200 for all default parameters) and the average deviation of split frequencies (<0.05).
Gene trees were used as input for ASTRAL III and local posterior probabilities were estimated. We ran
SVDquartets analyses in PAUP v4.0a (Swofford, 2003) evaluating all quartets and using 1000 bootstraps on
the concatenated alignment of our target capture data (specifying genes as separate partitions) and on the
unlinked SNPs of the min4pures ddRADseq assembly (Methods S3). The latter dataset maximizes the number

of shared loci recovered across quartets of species (Eaton ef al., 2016). We also ran both SVDquartets analyses
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removing invariant sites and non-biallelic-SNPs for comparison with the divergence-dating analysis with

SNAPP (see divergence-dating subsection below).

We explored the effect of inclusion of admixed individuals on phylogenetic inference with our datasets by
inferring phylogenetic relationships with the full concatenated TE dataset and our min4 and minl7 ddRADseq
assemblies. The min4 and minl7 assemblies were used for SVDquartets and Maximum Likelihood (ML)
inferences respectively. We ran SVDquartets and ASTRAL I1II as described above but used individuals-as-tips
instead of defining genetic clusters from ADMIXTURE as operational taxonomic units, since admixed
individuals cannot be assigned to any of the clusters. Maximum likelihood inference was conducted with
RAXxML-HPC-HYBRID (Stamatakis, 2014) on the CIPRES Science Gateway. We used the parameter-rich
GTRCAT model of substitution following Abadi et al., 2019 and defined each gene as a separate partition in
our TE dataset. Branch support was estimated using the automatic bootstrap convergence function (-autoMRE;
Methods S3) (Pattengale et al., 2010). To distinguish low support from gene tree conflict, we applied the
quartet sampling method (Pease et al., 2018) with 1000 replicates per branch (Methods S3). Trees were rooted

using W. squamulosa. We report the resulting extended majority rule SVDquartets trees.

Phylogenetic networks

We explored non-bifurcating relationships of admixed individuals in M.utile and M. foeniculaceum in nSA by
inferring phylogenetic networks from gene trees under maximum pseudo-likelihood (InferNetwork MPL) in
PhyloNet v.3.8.0 (Than et al., 2008; Wen et al., 2018). We ran PhyloNet on three datasets that each contained
the outgroup (W. squamulosa), 2-3 randomly selected samples of M. utile and M. foeniculaceum from each
major locality, and two randomly selected admixed individuals from one major locality (Antioquia, Caribe, or
Boyaca). Populations from each drainage basin were used as operational taxonomic units, where admixed
individuals from Boyaca are assigned to their own population whereas admixed individuals from Antioquia and
Caribe are not. We allowed 0—4 reticulation events and contracted edges in gene trees that have <70 bootstrap
support (Methods S3). Input gene trees were inferred under ML with RAXML-NG (Kozlov et al., 2019) using
the GTR+G model, 2 threads and 1000 bootstraps (Methods S3). We rooted the gene trees with the outgroup
with the ape package in R v4.0.2 (Paradis & Schliep, 2019).

The best resulting phylogenetic network was chosen by computing the log-likelihood of phylogenetic networks
given the input gene trees (Yu et al., 2012) with the function CalGTProb in PhyloNet, contracting edges in

gene trees with <70 bootstrap support. Model selection was performed using the Akaike information criterion
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with number of parameters set as the number of branch lengths plus the number of hybridization probabilities

being estimated (Morales-Briones et al., 2018).

Divergence times for populations across drainage basins

To determine the time-frame and context in which populations of M. utile and M. foeniculaceum in nSA
diverged across drainage basins and contrast the timing of species and population divergence with the currently
proposed timing of recent Andean uplift, we inferred a time-calibrated species tree with SNAPP (Bryant et al.,
2012) as implemented in BEAST 2.6.3 (Bouckaert et al., 2014). The TE matrix with only pure individuals was
filtered to exclude invariant and non-binary sites with Phrynomics in R (Leaché et al., 2015;
https://github.com/bbanbury/phrynomics). A secondary calibration was defined for the divergence time of W.
squamulosa (monotypic genus and species in the subfamily Weddellinoideae) from the subfamily
Podostemoideae (a clade sister to Weddellina, which includes Marathrum and the remaining genera of
Podostemaceae except for 6 taxa sister to Weddellinoideae-Podostemoideae; Koi ef al., 2012; Ruhfel ef al.,
2016). A normal prior distribution with a mean of 62 Ma and a standard deviation of 4 Ma was specified. This
distribution encompasses the estimates for this node reported in previous published work by Magallon et al.,
2015 and Ruhfel et al., 2016 (Table 1) who used multiple fossil age-constraint priors outside Podostemaceae,
including suggested alternate placements for them (Ruhfel ef al., 2013). Input file for SNAPP was prepared
with snapp prep.rb (https://github.com/mmatschiner/snapp prep) which uses a combination of priors and
operators optimized for divergence-dating with SNAPP (Stange et al., 2018). We ran two chains for 300,000
generations, sampling every 50, and assessed stationarity and mixing of all parameters as well as convergence
of both runs with Tracer v1.7.1 (Rambaut ef al., 2018). We discarded a 10% burnin fraction, combined the log
files and posterior distribution of trees from the two runs with LogCombiner, and summarized the posterior

distribution maximum clade credibility (MCC) tree in TreeAnnotator.

Results

Data processing: ddRADseq, genome assembly, and target enrichment

A total of 169,474 loci that are shared in minimum four individuals were recovered across all 95 Marathrum
and Weddellina samples, but only 70 loci were recovered at ~50% missing data) (Table S3). The min4 (~88%
missing data) and minl7 (50% missing data) assemblies of our subset of 34 samples including admixed
individuals resulted in 28,023 and 679 recovered loci respectively and the min4pures assembly of the subset of

17 non-admixed samples included 11,366 loci (Table S4), 9,907 unlinked SNPs and 3,996 invariant, non-
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binary, unlinked SNPs. Although there are many loci recovered in our dataset, a smaller proportion of those are

present across most samples, with no loci shared in all of them.

De novo assembly of genome-skimming reads resulted in a draft assembled genome of M. utile consisting of
627,733 contigs with a total length of 1.095 Gb and N50=11,454 bp (Bioproject PRINA673497,
SRR12956182). Figure S3 and Table S5 show the locus recovery efficiency and the number of sequences and
loci recovered after paralog filtering per sample respectively. Recovery of assembled sequences was lower for
the outgroup taxon (W. squamulosa) compared to the ingroup. Thirty-eight exons that failed sequencing across
>50% of the samples or are potential paralogs were removed (Table S6). Most paralog warnings corresponded
to allelic variation (Methods S2). After paralog filtering, we recovered 208 genes across samples with an
average of 507 exons in 205 genes. The resulting matrix had 201,515 bp, 11,437 SNPs, and an average gene
size of 973 bp. This matrix was reduced to 200,946 bp and 8,076 SNPs (11,063 bp and 7,467 SNPs after

removal of invariant and non-binary sites) with the exclusion of admixed individuals.

Population structure across drainage basins

Read assembly and SNP calling in dDocent recovered 203 unlinked, biallelic SNPs (11,506 SNPs before
selecting only one SNP per locus with minimum allele frequency >0.05). Parametric population structure
estimation with ADMIXTURE resulted in a lower cross-validation error for K=4 and K=5 populations
(0.08310 and 0.09195, respectively; Figs. 3, S4). The best model shows that within each Antioquia and Caribe
there is strong population structure with two genetically distinct, non-admixed clusters as well as multiple
individuals with admixture proportions from the two clusters. The two distinct, non-admixed genetic clusters
correspond to the phenotypes of M. foeniculaceum and M. utile. All admixed individuals have about equal
proportions of ancestry of the non-admixed clusters and their phenotype corresponds to that of M.
foeniculaceum, with highly dissected leaves (Figs. 1, 3). There is no admixture detected in individuals of the
same species across drainage basins. The genetic constitution of the two individuals that represent the
population from Boyaca was inferred to include relatively equal proportions from M. utile from Caribe and M.
foeniculaceum from Antioquia suggesting a possible hybrid origin for these samples. The only difference

between K=4 and K=5 is that the latter detects population substructure in M. utile from Antioquia.
Estimates of overall heterozygosity of individuals showed remarkably high inbreeding coefficients in non-

admixed individuals (0.93 on average), whereas admixed individuals all have an excess heterozygosity

(inbreeding coefficients =-0.73 on average; Table S7). Ploidy estimation from target enrichment (TE) data with
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nQuire indicated that non-admixed individuals are polyploids (at least tetraploids), whereas admixed
individuals are diploid (Table S8). However, violations to the assumptions of nQuire that prevent estimating

the ploidy of individuals in this study are further discussed.

Phylogenetic inference

Bifurcating relationships

Results from phylogenetic analyses excluding admixed individuals are shown in Figs. 4, S5. The bipartitions
recovered in the unrooted ddRADseq species trees are compatible with the rooted species trees inferred from
TE data. Rooted species trees recover M. foeniculaceum as monophyletic and M. utile as either paraphyletic

(Fig. 4a,b) or monophyletic (Fig. S5).

As expected, the inclusion of admixed individuals affects phylogenetic inference and causes admixed
individuals to fall into various places on phylogenies reconstructed with different datasets and algorithms,
capturing non-bifurcating patterns resulting from gene flow. The inferred topologies using TE data recovered
the four non-admixed genetic clusters from ADMIXTURE (Fig. 3) as strongly supported clades nested in more
inclusive clades with admixed individuals, but M. utile from Caribe in the ML tree is recovered as paraphyletic
(Figs. S6, S7, S8). Tree inference with ASTRAL III and ML results in the clustering of populations of M. utile
and M foeniculaceum and admixed individuals from Antioquia (Figs. S7, S8). However, quarter sampling
scores in the ML tree (Fig. S8, top) indicate that this clade has a supported secondary evolutionary relationship
with M. utile from Antioquia and Caribe being more closely related to one another than to M. foeniculaceum in
nSA (Table S9). The inferred topologies with ddRADseq data show that the bipartitions including M. utile and
M. foeniculaceum from Antioquia are compatible with the TE rooted trees inferred under the same algorithm
(Figs. S6, S8) but the bipartitions for the two species from Caribe differ from the TE rooted trees. QC scores
for the ML tree with ddRADseq are low (Fig. S8), with possible presence of an alternate topology at most
branches. A strong majority of quartets support an alternate placement of the admixed individual from Boyaca
in the ML tree of ddRADseq data (it being more closely related to M. foeniculaceum from Caribe than to
Marathrum from Antioquia; Fig. S8, Table S10). The placement of this clade varies across the SVDquartets,
ASTRAL III, and ML inferences and the ddRADseq and TE datasets (Figs. S6, S7, S8). Long branches
subtending Marathrum and M. foeniculaceum in nSA are evident in the TE and ddRADseq ML trees (Fig. S8).

Phylogenetic inference with SVDquartets, ASTRAL, and ML with single-exon genes (Figs. S9, S10, S11)

shows that relationships inferred across species and non-admixed populations are the same to concatenating
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alleles across exons without prior knowledge of their linkage (Figs. 4, S5, S6, S7, and S8). The placement of
admixed individuals from all drainage basins differs across trees inferred with concatenated exons and with
single exons, capturing non-bifurcating patterns resulting from gene flow (e.g., as shown in the inferred

phylogenetic networks for Boyaca in Fig. 4).

Phylogenetic networks

Networks with 2 reticulation events across different terminal taxa were chosen as the best models in all three
subsets, each including admixed individuals from either Antioquia, Boyaca, or Caribe (Table 2, Fig. 4¢). All
chosen networks infer a reticulation event in the branch that subtends the admixed individuals in agreement
with our ADMIXTURE results (Fig. 3). A second reticulation event across terminal taxa is inferred deeper in
the phylogeny with M. foeniculaceum in nSA forming a clade sister to M. utile or originating from it. This is
consistent with the recovery of M. utile in nSA as paraphyletic with SVDquartets and ASTRAL III including
invariant and non-binary sites (Fig. 4) and as monophyletic with SVDquartets excluding invariant and non-
biallelic sites (Fig. S5). Network inference with single-exon genes (Fig. S9c, Table S11) recovered the same
non-bifurcating relationships but some inheritance probabilities differed, particularly for the earliest

reticulation event detected across subsets.

Divergence times for populations across drainage basins

The SNAPP calibrated phylogeny of Marathrum in nSA using a matrix of 11,063 biallelic and variant sites
recovered species as clades (Fig. 5), in agreement with the SVDquartets inference of biallelic SNPs (Fig. S5).
Our estimates suggest that M. utile and M. foeniculaceum diverged at ~17 Ma. Populations of M.
foeniculaceum in Antioquia and Caribe split at ~12 Ma, whereas M. utile from those two same drainage basins

split more recently at ~4 Ma (Table S12).

Discussion

Landscape change in northern South America (nSA) through the Miocene and Pliocene shaped the evolution of
populations of M. utile and M. foeniculaceum in the region. During this time period, distinct populations of the
two species diversified into different drainage basins currently interrupted by the Andes, the Sierra Nevada de
Santa Marta (SNSM), and inter-Andean valleys (Figs. 3, 5). We show that population divergence occurred in
conjunction with currently suggested major recent pulses of Andean uplift (Fig. 5). River drainage

reconfiguration caused the isolation of populations across the Magdalena, SNSM, and Orinoco basins, while
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also bringing species in sympatry. Analyses of nuclear data showed high levels of admixture in areas of
sympatry, and a bias for admixed individuals to have the phenotype of M. foeniculaceum. Whether these
evolutionary patterns and processes resulting from landscape change apply to Marathrum as a whole, remains
an open question. Below, we propose that the phylogenetic relationships of populations across drainage basins
may reflect the history of drainage basin separation and discuss our results in the context of the systematics of

the two Marathrum species studied.

Andean uplift, river basin formation and timing of divergence of populations of Marathrum in nSA

The divergence of Marathrum foeniculaceum and M. utile in nSA (~17 Ma) took place prior to the separation
of the westernmost Andes from western Amazonia and the Orinoco (Fig. 5, Table S12; Hoorn et al., 2010;
Montes et al., 2021). Divergence of population of the two species in nSA track events of major uplift in the
region. Marathrum foeniculaceum and M. utile split into populations in Antioquia and Caribe around ~ 12 Ma
and ~4 Ma respectively (Fig. 5, Table S12), in conjunction with previously proposed times for rapid Andean
uplift during the late Miocene and Pliocene at ca. 12—6 Ma and ca. 4.5 Ma (Gregory-Woodzicki, 2000;
Garzione et al., 2008; Mora et al., 2010; Hoorn ef al., 2010; Anderson ef al., 2016). Landscape changes after
the second pulse of uplift may have brought divergent populations of the two species in sympatry, facilitating
admixture events (Figs. 3, 4¢, 5). The short terminal branches characteristic of M. utile and M. foeniculaceum
from various rivers in Caribe (Fig. S8) suggest their recent divergence in the SNSM. Indeed, surface uplift that
gave rise to the current topology of the SNSM was estimated no earlier than 2 Ma (Villagémez et al., 2011;
Parra et al., 2019).

We have shown that the population from Boyaca originated from a reticulation event between M. utile from
Caribe and M. foeniculaceum from Antioquia (Figs. 3, 4¢). This must have occurred <4.1 Ma, when the latter
two became genetically distinct. (Fig. 5, Table S12). A lowland inter-Andean fluvial portal that existed from
13-4 Ma (Lundberg & Chernoft, 1992; Montes et al., 2021) or bird-mediated dispersal could have facilitated

transport of seeds and roots of the parental lineages or of admixed individuals of Marathrum to Boyaca.

The pattern and timing of divergence of populations of Marathrum in nSA provides a hypothesis for the order
and timing of separation of fast-flowing riverine ecosystems in watersheds across the Andes. However, limited
sampling of Boyaca (Orinoco), the possible establishment of this population through long-distance dispersal,
and lack of sampling of the Pacific drainage basin do not permit us to address all such events. Fast-flowing

rivers in the SNSM finally became disconnected from those in Magdalena at ~4.1 Ma with a prior splitting
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event ~12 Ma, possibly followed by river capture events (Fig. 5). Fast-flowing water ecosystems in the Orinoco
could have disconnected from those in the Magdalena and SNSM drainage basins with the closure of the trans-

Andean fluvial portal ~4 Ma, but further sampling is needed to support this hypothesis.

The divergence times presented here are a means of exploring plausible evolutionary scenarios, but they should
be taken cautiously as they rely on a secondary calibration and are subject to potential bias (Schenk, 2016). No
fossils of Podostemaceae have been found to date, but phytoliths for the family have been described and found
to be taxonomically informative (da Costa et al., 2018). Future studies aiming to re-examine the divergence
dates provided here should rely on fossil calibrations in the Clusioid clade (including somewhat distantly
related taxa) or undertake the endeavor of finding phytoliths in dated strata. Also, gene flow can result in
underestimates of species divergence times, particularly for nodes that involve a reticulation event (Leaché et
al., 2014). It thus may be that M. foeniculaceum and M. utile in nSA first split earlier than estimated here (ca.
17 Ma; Fig. 5, Table S12) but that gene flow, as suggested by the one deep reticulation event inferred (Fig. 4¢),

caused the estimation of more recent ages for this first split.

Incongruence in phylogenetic reconstruction across datasets

Why is M. utile recovered as a clade in species tree inference of biallelic SNPs (Figs. 5, S5), but as paraphyletic
when including all variable and invariant sites (Fig. 4a,b)? Reticulation may be responsible for the conflict.
Separate PhyloNet analyses that included admixed samples from Antioquia, Boyaca, and Caribe each support
reticulation between monophyletic species (Fig. 4c). Phylogenetic analyses that do not allow reticulation
assume that relationships are bifurcating, and this can cause phylogenetic errors when gene flow is present
(Leaché et al., 2014). The phylogenetic analyses that did not support the monophyly of M. utile are two-step
(ASTRAL) and coalescent aware concatenation (SVDquartets) summary methods that do not use all of the
information in the data or suffer from information loss due to averaging over the whole genome, and this
reduces their accuracy compared to full likelihood methods under the species coalescent (Zhu & Yang, 2021).
SNAPP also suffers from data reduction problems. Namely, the exclusion of invariant sites results in
acquisition bias, which may incorporate errors in phylogenetic inference (Lewis, 2001; Bertels ef al., 2014;
Leaché et al., 2015a). Divergence dating with SNAPP includes an ascertainment-bias correction for reliable
estimation of phylogeny, node-ages, and population size (Stange ef al., 2018). However, this acquisition bias
correction failed to recover the same topology as was inferred when invariant and non-binary sites were

included in species tree inference (Figs. 4a,b, 5, S5).
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The differences across target enrichment and ddRADseq datasets when including admixed individuals (mainly
the placement of admixed individuals from Boyaca; Figs. S6, S8) may be explained by missing data, short
internal branches, and bioinformatic steps used for the assembly of loci (e.g. clustering threshold; Leaché et al.,
2015). These phenomena are characteristic of our ddRADseq data and may also be responsible for the low QS
scores in the ML analysis (Fig. S8). The high levels of missing data in our ddRADseq data (Table S4) could be
a result of previously suggested high rates of evolution in Podostemaceae (Bedoya et al., 2019), which reduce
the number of shared loci due to allele dropout (Wagner et al., 2013; Arnold et al., 2013; Eaton ef al., 2016).
The long branch subtending M. foeniculaceum (Figs. S7, S8) may be an indicator of rapid evolution in this
group, even as M. utile and M. foeniculaceum in nSA diverged relatively recently in geologic time (Fig. 5).
High levels of missing data resulting from low quality DNA, low sequencing depth, or poor read quality are
unlikely in our dataset given that DNA quality inspection in agarose-gels showed no sign of considerable DNA
degradation and read quality and sequencing depth were good after inspection with FastQC and ipyrad. The
differences between the ML and species tree analyses including admixed individuals would most likely be due

to incomplete lineage sorting and gene flow (Leaché et al., 2014).

Limited gene flow across the Andes, dispersal, and admixture in Marathrum in nSA

The strong population structure consistent with geography and excess homozygosity (Table S7) found in non-
admixed M. foeniculaceum and M. utile in nSA suggests a history of population isolation with little to no gene
flow across drainage basins (Fig. 3). This may be explained by 1) large effect of genetic drift in populations of
the two species, which are small, discontinuous and with short generation times (Willis, 1914; van Royen,
1951; Rutishauser, 1995; Cook, 1996; Philbrick ef al., 2010; Koi et al., 2015; Cheek & Lebbie, 2018). 2)
Watershed boundaries (mountains and lowlands) forming barriers to gene flow as seen in fish (Albert &
Crampton, 2010; Lujan & Armbruster, 2011; Musilova et al., 2013; Picq et al., 2014; Roxo et al., 2014;
Tagliacollo et al., 2015; Lujan et al., 2019; Albert et al., 2020). 3) Limited pollen and seed dispersal ability in

Podostemaceae resulting in inbreeding or selfing.

High levels of differentiation among populations of Podostemaceae are linked to their limited dispersal ability
(Baggio et al., 2013; Katayama et al., 2016). However, long-distance dispersal has been invoked as a possible
explanation for the pantropical distribution of some groups in the family (Kita & Kato, 2004; Koi et al., 2015;
Ruhfel et al., 2016). Birds may be vectors for seed dispersal if seeds get attached to their feet via a sticky
mucilage in the seed coat (Willis, 1902; Philbrick & Novelo, 1995, 1997; Leleeka et al., 2016) and root
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fragments were found to re-attach to rocks, therefore providing a possible means for vegetative dispersal
following the flow of rivers (Philbrick et al., 2015). How seed and pollen dispersal is facilitated or hindered in
Marathrum within and across rivers remains to be addressed, but our results confirm that long-distance

dispersal events are rare.

PhyloNet results support the hypothesis that populations from each drainage basin result from an ancient
reticulation event (Fig. 4¢). This pattern is replicated between river basins, where admixed individuals have
similar ancestry proportions and inheritance probabilities from M. utile and M. foeniculaceum occurring in
sympatry (Figs. 3, 4¢). This, together with the results that non-admixed individuals have an excess
homozygosity (whereas admixed individuals have an excess heterozygosity; Table S7), is consistent with
secondary contact of previously isolated populations. The dispersal strategies mentioned above for
Podostemaceae together with multiple river capture events could be responsible for the co-occurrence and

subsequent admixture of M. foeniculaceum and M. utile in some rivers across the Andes in nSA.

The uniformity in admixture proportions across admixed individuals (Fig. 3) could stem from either very recent
and frequent admixture events (i.e., F1 hybrids with no further mixing) or a past hybridization event followed
by genome duplication resulting in allopolyploids. Ploidy of our samples could not be estimated from sequence
data alone, because the ratios at which alleles are assumed to occur at different ploidy levels by nQuire hold
true only for hybrids from heterozygous genome sources (Weil ef al., 2018). Non-admixed individuals here are
highly homozygous, causing hybrids to be classified as diploids with nQuire (Table S8). The dual ancestry of
the two individuals from Boyaca stems from M. utile from Caribe and M. foeniculaceum from Antioquia in
more or less equal proportions (Fig. 3) but our limited sampling in this drainage basins revealed no non-

admixed individuals of either species.

Our results present an interesting case of inheritance of entire vs. highly dissected leaves, with admixed
individuals (putative hybrids) having highly dissected leaves, the phenotype of one parental species, M.
foeniculaceum (Figs. 1, 3). Common garden experiments should be conducted to further explore the genetic

basis of leaf morphology in M. utile and M. foeniculaceum

Systematics of M. utile and M. foeniculaceum
Marathrum foeniculaceum and M. utile in nSA are recovered as traditional taxonomic units, either being an

ancestor-descendant species pair (Fig. 4,a,b) or both monophyletic (Figs. 5, S5). However, the recognition of
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the two species as valid taxonomic units requires assessing phylogenetic relationships across their entire
distribution. The high levels of admixture and reticulation events reported here, and the potential hybrid origin
of individuals from Boyaca, shed light on a more complex reality to delimitation of species boundaries in
Marathrum than could have been envisioned in the original monograph of the group (van Royen, 1951).
Delimitation of M. foeniculaceum, excluding those admixed individuals of putative hybrid origin, is not
possible by morphology alone. The long branch subtending Marathrum from nSA (Figs. 5, S8) is likely a
product of sparse taxon sampling since Weddellina is sister to subfamily Podostemoideae, where >40 genera

are placed including Marathrum.

Conclusions

This study constitutes a significant advance in our understanding of the impact of landscape change in the
evolution of plants in rivers in northern South America and provides a comprehensive genomic dataset for the
only plant species that inhabit fast-flowing aquatic ecosystems across mountains in the region. Our study
highlights the interrelatedness of geology and biology by demonstrating how tightly constrained the evolution
of M. utile and M. foeniculaceum is to river reconfiguration in northern South America. We conclude that the
fate of rivers and of these plants is linked and that this relationship has impacted the genetic constitution of
populations and species across watersheds. Whether this applies to the entire genus Marathrum remains to be
investigated. Future research avenues include studying the process of formation and maintenance of genetically
and phenotypically distinct units, the impact of high levels of admixture in the genetic make-up of populations,
the biogeographic history of M. utile and M. foeniculaceum across their entire range, and the history of the

maternally inherited plastome in this interesting group of aquatic plants.
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Table 1. Summary of ages for the stem node of the subfamily Podostemoideae estimated from previous studies
and in this study.
Bedoya et al., 2020 Magallén et al., 2015 Rubhfel et al., 2016

95% HPD Min  54.10 53.53 49.9 55.4
(Ma)

95% HPD Mean  61.77 67.82 62 66.1
(Mya)

95% HPD Max  69.44 77.29 71.9 76.8
(Mya)

To calibrate the species tree, we assumed a normal prior distribution with a mean of 62 Ma and a standard
deviation of 4 Ma. Ruhfel et al. (2016) presented two dating results for alternative placements of the fossil

Paleoclusia chevalieri.
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Figure 1. Distribution of Marathrum, M. foeniculaceum, and M. utile. The vegetative and reproductive
morphology of M. utile and M. foeniculaceum is shown. Marathrum utile has laminar, entire leaves and
M. foeniculaceum has highly dissected leaves.
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Figure 2. Top: Map of the Andean region in northern South America (nSA). The three Andean Cordilleras
and the Sierra Nevada de Santa Marta (SNSM) are shown. WC= Western Cordillera, CC=Central
cordillera, EC=Eastern Cordillera. Drainage basins are delimited. Major rivers are shown in blue.
Elevation is indicated in m.a.s.l. The three major localities where Marathrum was collected (i.e. Caribe,
Antioquia, and Boyacd) are indicated with symbols. Bottom: Sample sites where M. foeniculaceum and
M. utile were collected. Each square and circle represents a single site within the major localities. M.
foeniculaceum refers to plants with that phenotype.
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Figure 3. ADMIXTURE results for K=4 (the optimal value) and K=5 (to illustrate population substructure
in M. utile from Antioquia) inferred from target enrichment data. The phenotype and provenance of

samples is shown.
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Figure 4. a) SVDquartets extended majority-rule consensus trees inferred with target enrichment and
ddRADseq data (admixed individuals are excluded). Bootstrap support >70 is shown above branches. b)
ASTRAL III tree inferred from target enrichment data (admixed individuals are excluded). Local
posterior probabilities >0.7 are shown above branches. ¢) Phylogenetic networks resulted from maximum
pseudo-likelihood inference with PhyloNet. Inferred reticulation events (curved, blue lines) are
accompanied by inheritance probabilities. The phenotype and provenance of operational taxonomic units

is shown.
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Figure S1. Species tree inferred with SVDquartets for 95 ddRADseq samples successfully sequenced in this study.
Individuals of M. foeniculaceum and M. utile (bold) from Antioquia (yellow), Boyaca (red) and Caribe (green) are
shown. Tree was inferred as unrooted, but rooting is presented to be consistent with posterior analyses that were
rooted with the outgroup W. squamulosa. Admixed individuals as inferred with ADMIXTURE are indicated with
quotation marks. Individuals for which no information on genetic constitution is available but have the phenotype of
M. foeniculaceum are indicated with “(morph)”.
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Figure S4. Cross-validation error and number of clusters (K) resulted from genetic structure analysis with
ADMIXTURE using target enrichment data.
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Figure S8. Maximum likelihood trees inferred from target enrichment and ddRADseq data and including admixed
individuals. Non-admixed individuals of M. foeniculaceum and M. utile (bold and inside dashed lines) from
Antioquia (yellow), Boyaca (red) and Caribe (green) are shown. Admixed individuals as inferred with
ADMIXTURE are indicated with quotation marks. Bootstrap support >70 shown with red circles. Quartet sampling
scores (Quartet Concordance/Quartet Differential/Quartet Informativeness) for the main clades (drainage basins and
species) are shown above branches.
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Fig S10. Phylogenetic trees inferred with target enrichment data using single-exon genes for comparison with the
same analyses using concatenated multi-exon genes in Figs. S5, S6, and S7. Colors correspond to Antioquia
(yellow), Caribe (green), and Boyaca (red). a) SVDquartets extended majority-rule consensus trees inferred after
exclusion admixed individuals and of invariant and non-binary sites. Bootstrap support >70 is shown above
branches. b) SVDquartets extended majority-rule consensus trees including admixed individuals and using species-
as-tips. Bootstrap support >70 is shown above branches. Admixed individuals are indicated with quotation marks. c¢)
ASTRAL III tree inferred including admixed individuals using species-as-tips. Local posterior probabilities > 0.7
are shown above branches.
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Figure S11. Phylogenetic tree inferred with target enrichment data and under maximum likelihood using single-exon
genes for comparison with the results from the same analysis in Fig. S8 using concatenated multi-exon genes. Colors
correspond to Antioquia (yellow), Caribe (green), and Boyaca (red). Non-admixed individuals as inferred with
ADMIXTURE are in bold, whereas admixed individuals are indicated with quotation marks. Bootstrap support >70
shown with red circles. Quartet sampling scores (Quartet Concordance/Quartet Differential/Quartet Informativeness)
for the main clades (drainage basins and species) are shown above branches
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Table S1. List of accepted species of Marathrum and previously described species in the genus that are synonymous

to Marathrum foeniculaceum sensu Novelo & Philbrick 1997, Novelo 2009, and Tippery 2011

Species
Marathrum aeruginosum
Marathrum allenii Woodson
Marathrum azarensis
Marathrum cheiriferum P.Royen
Marathrum cubanum
Marathrum elegans P.Royen
Marathrum foeniculaceum
Marathrum haenkeanum Engl.
Marathrum indifferens P.Royen
Marathrum leptophyllum P.Royen
Marathrum minutiflorum Engl.
Marathrum modestum Nash
Marathrum oxycarpum Tul.
Marathrum pauciflorum
Marathrum plumosum
Marathrum pusillum P.Royen
Marathrum rubrum Novelo & C.T.Philbrick
Marathrum schiedeanum Cham.
Marathrum squamosum
Marathrum stenocarpum (wedd. Ex DC) P.Royen
Marathrum striatifolium
Marathrum tenue
Marathrum utile

Status
Accepted
Synonymous to Marathrum foeniculaceum
Accepted
Synonymous to Marathrum foeniculaceum
Accepted
Synonymous to Marathrum foeniculaceum
Accepted
Synonymous to Marathrum foeniculaceum
Synonymous to Marathrum foeniculaceum
Synonymous to Marathrum foeniculaceum
Synonymous to Marathrum foeniculaceum
Synonymous to Marathrum foeniculaceum
Synonymous to Marathrum foeniculaceum
Accepted
Accepted
Synonymous to Marathrum foeniculaceum
Synonymous to Marathrum foeniculaceum
Synonymous to Marathrum foeniculaceum
Accepted
Synonymous to Marathrum foeniculaceum
Accepted
Accepted
Accepted
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Table S7. Overall heterozygosity of each individual as estimated with VCFtools (--het function). Admixed

individuals are indicated with quotation marks and non-admixed individuals are indicated with “(pure)”

Individual Observed Expected homozygosity # Biallelic SNPs Inbreeding coefficient
homozygosity F)
“M.foeniculaceum” AMB499 64 129 193 -1.01621
“M.foeniculaceum” AMB502 64 129 193 -1.01621
“M.foeniculaceum” AMB506 64 129 193 -1.01621
“M.foeniculaceum” AMB5513 116 129 193 -0.20348
“M.foeniculaceum” AMB5559 65 129 193 -1.00058
“M.foeniculaceum” AMB5562 121 129 193 -0.12533
“M.foeniculaceum” AMB5584 63 129 193 -1.03184
“M.foeniculaceum” AMB5585 63 129 193 -1.03184
“M.foeniculaceum” AMB5612 64 129 193 -1.01621
“M.foeniculaceum” AMB5613 70 129 193 -0.92244
“M.foeniculaceum” AMB5621 66 129 193 -0.98495
M.foeniculaceum AMB5674 (pure) 185 129 193 0.87496
“M.foeniculaceum” AMB568 89 129 193 -0.62547
M.foeniculaceum AMB5711 (pure) 191 129 193 0.96874
M.foeniculaceum AMBS5712 (pure) 190 129 193 0.95311
“M.foeniculaceum” AMB5714 64 129 193 -1.01621
“M.foeniculaceum” AMB5734 63 129 193 -1.03184
M.foeniculaceum AMB635 (pure) 187 129 193 0.90622
“M.foeniculaceum” AMB6384 107 129 193 -0.34414
M.foeniculaceum AMB6431 (pure) 191 129 193 0.96874
“M.foeniculaceum” AMB654 109 129 193 -0.31288
“M.foeniculaceum” AMB657 105 129 193 -0.3754
“M.foeniculaceum” AMB6581 108 129 193 -0.32851
“M.foeniculaceum” VLondono 116 129 193 -0.20348
“M.foeniculaceum” AMB494 64 129 193 -1.01621
M.utile AMB497 (pure) 192 129 193 0.98437
M.utile AMB503 (pure) 193 129 193 1
M.utile AMB507 (pure) 191 129 193 0.96874
M.utile AMB512 (pure) 192 129 193 0.98437
M.utile AMB5631 (pure) 188 129 193 0.92185
M.utile AMB5664 (pure) 193 129 193 1
M.utile AMB5741 (pure) 193 129 193 1
M.utile AMB5751 (pure) 193 129 193 1
M.utile AMB5772 (pure) 192 129 193 0.98437
M.utile AMB5773 (pure) 193 129 193 1
M.utile AMB578 (pure) 193 129 193 1
M.utile AMB6391 (pure) 181 129 193 0.81245
M.utile AMB6411 (pure) 184 129 193 0.85933
M.utile AMB652 (pure) 179 129 193 0.78119
M.utile AMB653 (pure) 180 129 193 0.79682

M.utile AMB659 (pure) 181 129 193 0.81245
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Methods S1. Specifications for target selection with Sondovac and post-hoc filtering.

Sondovac removes reads that map to the plastome or mitochondriome and duplicated transcripts from the
transcriptome, and assembles genome reads matching the remaining unique transcripts. The program is a
two-part pipeline. The first part of the pipeline takes as input a transcriptome, plastome, mitochondriome
(optional) and a paired-end genome skimming input file to select single-copy, nuclear coding regions. We
used the first part of the pipeline to remove reads form our draft assembled genome that mapped to the
mitochondriome of Populus tremula L. (Salicaceae), the plastome of Garcinia mangostana L.
(Calophyllaceae), and duplicated transcripts from the transcriptome of Hypericum perforatum L.
(Hypericaceae). The output of the first part is a fasta file

(* blat_unique_transcripts_versus_genome skim_data-no_missing_fin.fsa) with a filtered BLAT output
(i.e. transcripts with >1000 BLAT hits and BLAT hits containing masked nucleotides were removed).

The fasta file resulting from the first part of the pipeline was used in Geneious v9.1.8. to de novo
assemble hits into larger contigs. We removed probe sequences sharing >90% sequence similarity and
retained the contigs that comprised exons of minimum >600 bp for all contigs for a transcript, and >120
bp for each contig. The resulting target sequences were complemented with APVO SSC and PPR loci.
We conducted searches of the APVO SSC and PPR loci against the M. utile contigs in the draft genome
with BLASTN. Up to five of the top hits with a bit score >70 were retained. When hits for the same locus
overlapped with different contigs, we assembled the contigs using de novo assembly in Geneious v9.1.8.
We removed all hits matching the same locus with <95% pairwise identity as they could represent
paralogs. We retained individual sequences of at least 120 bp, and loci with at least 600 bp length. The
resulting datasets were filtered once more for sequence similarity (>90%) to remove sequences that
overlapped across the APVO+PPR, and the set of sequences resulting from Sondovac.

Methods S2. Selection of assembled contigs with Hybpiper and paralog filtering.

To assess paralogs, phylogenetic trees for each exon with paralog warnings were inferred under
maximum likelihood with RaxML-NG as follows: ./raxml-ng --all --msa Gene n.paralogs.phy --model
GTR+G --prefix Gene n_paralogs --seed 2 --threads 10 --bs-metric fbp, where Gene n corresponds to
each single exon alignment. We inspected the resulting alignments and trees and removed 38 whole exons
that corresponded to regions with low coverage across loci, regions for which Hybpiper identified more
than two contigs across more than 10% of the samples and where a high number of SNPs occurred, and
regions for which the exon trees showed possible evidence of gene duplication. Common tree topologies
recovered for exons where multiple contigs are explained by allelic variation are shown in Fig S2. Further
inspection of alignments for each exon was conducted to determine if the recovered contigs for samples
with paralog warnings were different or varied only in length. We found two instances (exons 181 and
328; Table S6) for which even though multiple contigs were assembled for several species, the contigs
were not paralogs but differed only in length with the longest contig including SNPs that were outside the
sequences in shorter contigs.

In addition to inspecting gene trees to rule out a pattern of gene duplication to determine if paralog
warnings corresponded to allelic variation, we inspected the contig sequences for all samples across exons
and we calculated the number of exons with 1 and >1 contig per sample (Table S6). For non-admixed
(highly homozygous) individuals (see Population structure across drainage basins subsection in results
and Table S7), only 1 contig was assembled for most exons, whereas for admixed (and highly
heterozygous) individuals the proportion of exons for which >1 contig was assembled was higher
compared to non-admixed individuals. This is in line with the fact that more paralog warnings were raised
by Hybpiper for admixed than for non-admixed individuals (Table S6) and provides further evidence that
paralog warnings are mostly due to allelic variation.
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In Hybpiper, contigs for each sample are chosen based on sequencing depth and when multiple full-length
contigs with the same depth are recovered, the algorithm chooses the contig with the highest percent
identity with the sequence that was used as reference. We further checked that the sequences chosen per
individual and per exon by Hybpiper did not show evidence of duplication in the gene trees and highly
divergent sequences in the alignments. Given our ADMIXTURE results (Fig. 3) and heterozygosity
calculations (Table S7) where non-admixed individuals are genetically structured and highly homozygous
and admixed individuals are highly heterozygous, we kept the contigs chosen by Hybpiper instead of
choosing the contigs (alleles) ourselves, to avoid biasing the phylogenetic inference of admixed
individuals. We assessed how the concatenation of unconfirmed orthologous exon sequences affected our
inference based on concatenated exons data as stated in the text (See Materials and Methods section in the
main text).

Methods S3. Specifications applied in maximum likelihood, SVDquartets, Quartet sampling, and
PhyloNet analyses.

SVDquartets inference on the target enrichment data in Figs. 4, S1, S5, and S6 were conducted in PAUP,
evaluating all quartets, and conducting 1000 bootstrap support. Each gene was specified as a separate
partition and W. squamulosa was defined as the outgroup. Quartet analysis using the min4 ddRADseq
assembly in Figures 4, S1 and S6 was conducted similarly, but neither partitions nor outgroups were
specified. We did not conduct bootstrapping for the analysis in Fig. S1. The analyses were run as follows:
svdq evalg=all bootstrap=multilocus nreps=1000 loci=combined nthreads=ncpus; where multilocus
bootstrap is conducted to resample with replacement both loci and sites and combined is the partition
scheme defining genes as partitions. For ddRADseq analyses where partitions weren’t specified, we used
bootstrap=standard instead.

Maximum likelihood inference of the concatenated target enrichment datasets was conducted calling
RAXML from Cipres Science Gateway as follows: raxmlHPC-HYBRID -T 4 -s infile -N autoMRE -n
result -q part -k -fa -p 12345 -x 12345 -m GTRCAT -0 W_squamulosa. For maximum likelihood
inference with ddRADseq data, the script was modified so that neither partitions nor an outgroup was
specified.

Quartet sampling scores were calculated treating the entire alignment as one partition for all quartet
searches as follows: python quartet sampling.py --align quartet sampling_relaxed.phylip --reps 1000 --
tree seqcap_raxml_all.nwk --Inlike 2 --threads 2

Phylogenetic Networks with maximum pseudolikelihood was conducted in PhyloNet, optimizing branch
lengths and inheritance probabilities for each proposed network. The program was run as follows:
InferNetwork MPL (all) n -a (taxa association map) 5 -x 100 -pl 10 -di resultOutputFile -b 0.7 -o,

where n corresponds to the number of reticulations. We evaluated networks with 0—4 reticulations.
Maximum likelihood input gene trees with Felsenstein’s bootstrap support for Phylonet were inferred
with RAXML-NG as follows: ./raxml-ng --all --msa Gene n.phy --model GTR+G --prefix Gene n --seed
2 --threads 10 --bs-metric fbp, where Gene n corresponds to each single gene alignment.

The log likelihood of the best networks inferred with reticulation events 0—4 was calculated given the
collection of trees used as input. The command CalGTProb was used as follows:

CalGTProb net (gt0, gtl...) -a <taxon map> -b 70 -x 100 -pl 10, where net refers to the network under
evaluation, gt refers to each gene tree and the taxon map links individuals to species/populations to
sample multiple alleles per species/population. Files used for calculations including networks and gene
trees are available in figshare
(https://figshare.com/collections/Andean_uplift drainage basin_formation_and the evolution of plants
_living_in_fast-flowing_aquatic_ecosystems_in_northern_South America-_Data and_results/5280572)
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Abstract

* Premise of the study: Andean uplift triggered diversification in montane and lowland terrestrial plant
taxa and shaped the evolution of aquatic plants restricted to fast-flowing aquatic ecosystems. However,
the role of the uplift of the Andes on the evolution of aquatic plants in standing-water ecosystems remains
unaddressed. Ludwigia is a genus of aquatic plants with center of diversity in the Neotropics. In this study
we aim to test if divergence times in Ludwigia species in northern and central South America are
concurrent with timing of Andean uplift and provide a framework to test further hypotheses for the role of
landscape change shaping the evolution of plants living in standing-water ecosystems.

*Methods: Using data for one nuclear and 4 chloroplast loci, we inferred a time-calibrated tree of
Ludwigia distributed in northern and central South America. Lineage-through-time plots and ancestral
range reconstruction were performed to investigate if diversification and range evolution were shaped by
Andean uplift.

*Key results: The species of Ludwigia studied diverged prior, during, and after Andean uplift without
significant change in diversification in the evolutionary history of species that currently inhabit Andean
foreland basins and drainages in central South America. These results contrast with studies on terrestrial
plants living in mountains and lowlands, as well as in aquatic plants in rivers.

*Conclusions: We provide hypotheses for why diversification in Ludwigia remained constant through the
Miocene onwards, as well as the probable context in which Ludwigia evolved in South America. This
study provides the framework for future research aiming to understand how landscape change shaped the
evolution of aquatic plants in standing-water ecosystems in order to gain a better understanding of the

processes responsible for the assembly of the Neotropical flora.

Key words: Andean uplift, aquatic plants, biogeography, diversification, Ludwigia, Neotropics, South

America, wetlands
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The Neotropics are the most biodiverse region on earth with ca. 37% of the world’s species of seed plants
in this region (Antonelli and Sanmartin, 201 1b; Antonelli et al., 2018). The study of how this rich flora
was assembled has been the focus of extensive botanical research (Gentry, 1982; Hughes et al., 2013;
Antonelli et al., 2018; Dick and Pennington, 2019). Previous studies have concluded that landscape
heterogeneity from the Miocene onwards, climate fluctuations in the Pleistocene, and pulses of Andean
uplift during the Miocene and Pliocene are among the factors that greatly contributed to increased
diversification and assembly of the Neotropical flora (Pennington et al., 2004; Hughes and Eastwood,

2006; Antonelli and Sanmartin, 2011b)

Landscape change models developed from fossil pollen, sediment, and macrofossil data, indicate that a
vast wetland system, referred to as Lake Pebas was in place in northern and central South America from
ca. 23 to 10 Ma (Hoorn et al., 2009, 2010). This wetland system consisted of lentic (standing-water)
ecosystems like lacustrine deltas, ponds, wetlands, and lakes where organisms typical of wetlands today
(such as a hyperdiverse assemblage of co-occurring crocodilian species) thrived (Wesselingh et al., 2001;
Salas-Gismondi et al., 2015; Cadena et al., 2020). Landscape models further indicate that rapid and recent
pulses of Andean uplift took place in the Neogene (12—6 Ma and 4.5 Ma; (Gregory-Woodzicki, 2000;
Garzione et al., 2008; Hoorn et al., 2010; Mora et al., 2010; Anderson et al., 2016; Montes et al., 2019;
Boschman, 2021). These rapid pulses caused a shift from lentic to lotic (fast-flowing water) ecosystems
such as fast-flowing rivers and streams in northern South America. As a consequence, the current
drainage basins (Pacific, Magdalena, Orinoco, Maracaibo-Caribbean, and Amazon) were established

(Hoorn et al., 2010; Latrubesse et al., 2010).

Although many species of aquatic vascular plants have a widespread distribution, aquatic plants overall
are most diverse in the Neotropics, with >900 species, of which about 61% are endemic to the region
(Chambers et al., 2008). Despite the great changes to aquatic ecosystems due to Andean uplift from the
Miocene to present, the impact of mountain building and establishment of drainage basins on the
evolution of aquatic plants in the Neotropics only started to be addressed recently (Bedoya et al., 2021).
Phylogenetic and population genetic studies indicated that divergence of populations of plants restricted
to lotic ecosystems and inhabiting separate drainage basins in northern South America, occurred in
conjunction with rapid pulses of Andean uplift (Bedoya et al., 2021). This pattern has been explained by
the fact that dispersal in plants living strictly in fast-flowing aquatic ecosystems are known to be
constrained by physical connections across rivers (Bedoya et al., 2021), as is the case in other riverine

taxa (Waters et al., 2000; Albert et al., 2006; Albert and Crampton, 2010; Tagliacollo et al., 2015).
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Taxa in lentic ecosystems occupy wider ranges, whereas organisms bound to lotic ecosystems tend to
have a narrower distribution (Hof et al., 2006; Arribas et al., 2012). It has been suggested that the fact that
lentic ecosystems are mote temporary and fragmented than lotic ecosystems selects for individuals with a
more effective dispersal ability (Paradis et al., 1998; Karrenberg et al., 2002; Hof et al., 2006; Soons,
2006; Soons et al., 2017). The same reasoning predicts that lotic ecosystems are more predictable in space
and time and more homogeneous than lentic ecosystems, which are on average young and short lived and
immersed in a matrix of terrestrial habitats where the water level significantly fluctuates (Dobson and

Frid, 2008; Ribera et al., 2008; Arribas et al., 2012).

Given the mentioned differences in dispersal ability in lentic and lotic ecosystems, the hypothesized shift
from predominantly lentic ecosystems to lotic ecosystems, and the consequent fragmentation of lentic
ecosystems into the current drainage basins due to Andean uplift, here we aim to investigate the impact of
Andean uplift on the evolution of plants living in standing-water ecosystems across drainage basins
interrupted by this mountain system in northern South America. We address this question using Ludwigia
(Onagraceae), a genus of aquatic plants with a pantropical distribution and especially well represented in
South and North America (Wagner et al., 2007). The genus includes 82 species of which 39 are endemic
or centered in South America and 21 are distributed in lentic ecosystems across the Andes in northern
South America (Appendix S1; Wagner et al., 2007). Ludwigia species are herbs, shrubs, and small trees
that can be classified as hydrophytes (strictly aquatic plants living entirely in the water as emergent,
submerged, or floating) or helophytes (amphibious plants which live in seasonally flooded environments
like savannas and ponds; Fig. 1). The species present adaptations to the anoxic conditions typical of
water-logged environments (Bedoya and Madrifian, 2015 ). Previous phylogenetic work in the group
inferred that Neotropical Ludwigia forms a clade sister to North American Ludwigia, with some African
taxa nested in the former. The monophyly of Neotropical Ludwigia has also been confirmed and it has
been proposed that the genus originated in South America around 90 Ma (Sytsma et al., 2004; Berger et
al., 2016; Freyman and H6hna, 2019).

The distribution of Ludwigia across the Andes in South America and the fact that the group inhabits lentic
ecosystems, make it an appropriate model to 1) test if divergence times in taxa in northern and central
South America took place prior, during, or after current estimates of major recent pulses of Andean uplift
and 2) provide a framework to test further hypotheses for the role of landscape change in shaping the
evolution of plants living in lentic ecosystems. We infer phylogenetic relationships, divergences times,

and ancestral ranges for a nearly comprehensive dataset of Ludwigia species. Finally, we compare our
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results to previous findings of the role of Andean uplift and drainage basin reconfiguration on the

evolution of plants in rivers and in terrestrial ecosystems.

MATERIALS AND METHODS

Sampling— To provide a phylogenetic framework and estimate divergence times of Ludwigia in Andean
foreland basins and basins in central South America, we mined DNA sequences for 49 Onagraceae (39
Ludwigia species) and two Lythraceae species from GenBank (Table 1). Ludwigia species included in this
study include 28 out of the 39 species endemic or centered in South America. In total, one nuclear and
four chloroplast regions were used (ITS, rpl16, rpsi6, trnG, trnl; Table 1). Some chloroplast sequences
were extracted from plastome data (Table 1) by aligning a plastome sequence to a reference sequence
with MAFFT v7.309 (Katoh and Standley, 2013) as implemented in Geneious v9.1.8 (Biomatters Ltd.,
Auckland, New Zealand) and using the ‘Extract Regions’ option in Geneious. Most sequences
corresponded to sequences used in previous phylogenetic inferences of Ludwigia (Bedoya and Madrifian,

2015; Liu et al., 2017, 2020) and a comprehensive sampling of Ludwigia species from South America.

Phylogenetic inference, divergence dating and diversification—Sequences for each locus were
aligned with MAFFT v7.309 as implemented in Geneious v9.1.8 using default settings followed by
manual inspection. A time-calibrated tree was inferred in RevBayes (Hohna et al., 2016) using an
uncorrelated lognormal relaxed clock and a birth-death tree model. We specified the GTR+G substitution
model for each partition. Node ages were calibrated using five fossil calibrations and one secondary
calibration following Freyman and Hohna, 2019. (1) A fossil assigned to Fuchsia section Skinnera (23
Ma; lognormal distribution with u=10, SD 1.0 offset by age of fossil for stem age of the group; Lee et al.,
2013); (2) The oldest fossils in Lythraceae from the Late Cretaceous (Lythrum and Peplis, 81.5 Ma;
lognormal distribution with u=20, SD=2.0 offset by age of fossil for stem age of the group; Grimsson et
al., 2011); (3) Ludwigia fossil pollen from the Paleocene (57.6 Ma; lognormal distribution with p=10,
SD=1.5 offset by age of fossil; Song et al., 2004); (4) Epilobium fossil pollen from the Miocene (12 Ma;
lognormal distribution with u=10, SD=2.0 offset by age of fossil; Grimsson et al., 2012); (5) Circacae
fossil pollen from the Miocene (12 Ma; lognormal distribution with p=10, SD=2.0 offset by age of fossil;
Grimsson et al., 2012); secondary calibration for the Late Cretaceous split of Lythraceae-Onagraceae (ca

93 Ma; normal distribution with u=93, SD=5.0; Sytsma et al., 2004).

We ran two chains for 1 million generations, sampling every 10 generations, and assessed convergence of

chains and stationarity and mixing of all parameters with Tracer v1.7.1 (Rambaut et al., 2018). Trees from
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the two independent runs were combined with LogCombiner v2.6.3 after removing a 25% burnin fraction
from each run. A maximum clade credibility tree was inferred with RevBayes (trace=
readTreeTrace("Rev_combined.trees") and then mecTree(trace, file="Rev_mcc.tre"), annotating node
ages using the mean age.

The rate of lineage accumulation through time in the Ludwigia clade with most species in Andean
foreland basins and basins in central South America were assessed with a lineage-through-time (LTT)
plot on the maximum clade credibility time-calibrated tree (MCC) using the /¢t function of the phytools
package (Revell, 2012) in R v4.0.2. The outgroups and North America taxa were dropped from the MCC
using the function drop.tip of the ape package (Paradis and Schliep, 2019) in R. To test if lincage
accumulation varied through time, we compared the observed LTT to one thousand simulated LTTs
assuming a pure-birth process over the same time span and total number of resulting species. Simulated
trees used were generated with the pbtree function of phytools. We implemented the Monte Carlo
constant-rates (MCCR) test as implemented in the function mccr of phytools and estimated the Pybus and
Harvey’s gamma () statistic (Pybus and Harvey, 2000) from the incompletely sampled phylogeny. A
sampling fraction of 0.57 was specified (ca. 59 species of Ludwigia in the clade sister to the North

American clade, 34 of which are included in this study).

Biogeography of Ludwigia and its link to landscape change in nSA-The maximum clade
credibility time-calibrated phylogeny inferred in RevBayes was used for ancestral range reconstruction in
BioGeoBEARS (Matzke, 2013). We specified five broad geographic areas modified from Buerki et al.,
2011; Berger et al., 2016, to fit the various ranges occupied by Ludwigia species (Wagner et al., 2007):
(1) North America (N); (2) South America (S; including Southern Mexico, Central America, and the West
Indies); (3) Eurasia (A; from western Europe to Asia); (4) Africa and Madagascar (F); (5) Oceania (O).
Species were assigned to areas following the current monograph of Ludwigia (Wagner et al., 2007), the
Onagraceae family website of the Smithsonian National Museum of Natural History
(http://botany.si.edu/onagraceae/index.cfm), and the distribution of publicly available records in GBIF
(https://www.gbif.org; see Appendix S2—S10 for geographic data of Ludwigia species created with the
package rgbif (Chamberlain and Boettiger, 2017) in R v4.0.2 . Input file in FigShare; available upon
publication). To reduce the state space (allowed states), the list of geographic ranges was manually
modified to eliminate disjunct geographic ranges that are not displayed by any Ludwigia species (South
America-Oceania, North America-Asia, Africa-Oceania, North America-Oceania, and North America-
Africa). Biogeographic inference was conducted under the dispersal-extinction-cladogenesis (DEC-like)
model (Ree et al., 2005; Ree and Smith, 2008). The analysis was non-stratified (unconstrained) and we

did not specify a distance matrix given the well-known ability of Ludwigia to disperse long distances and
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invade new habitats (Ruaux et al., 2009; Green, 2016; Gillard, Grewell, Futrell, et al., 2017), in addition
to the unequal distribution of species across the defined geographic areas. We did not analyze our data
under the DEC+J model, because the jump (“J”’) parameter is conceptually flawed (Ree and Sanmartin,

2018).

RESULTS

Phylogenetic inference, divergence dating, and diversification—The time-calibrated tree inferred
with RevBayes (Fig. 2) is in line with previous phylogenetic work on Ludwigia (Bedoya and Madrifian,
2015; Liu et al., 2017), recovering Ludwigia species endemic to North America as a clade sister to the rest
of the species in the genus. Ludwigia ovalis, a species distributed in northern China, Taiwan, Japan, and
Korea, (Wagner et al., 2007) is nested in this North American clade. The four species endemic to Africa
and included in this study are nested in a clade including all Central and South American Ludwigia. The
latter inhabit Andean foreland basins as well as drainage basins in central and eastern South America
(Appendix S2-S10). Strongly supported relationships recovered across species, as well as the timing for
the split of the North American clade (ca. 31-19 Ma) from the rest of Ludwigia also agree with previous
phylogenetic work using both chloroplast and nuclear data (Liu et al., 2017) and with the /7S gene tree
reported by (Bedoya and Madrifian, 2015). Discordance in the previously published trees exists in the
placement of L. peploides (sister to L. stolonifera and L. adscendens in Liu et al., 2017; Fig. 2). Other

topological incongruences are not highly supported either in this or in previous studies.

The split between the North American Ludwigia clade from the rest of Ludwigia took place ca. 25 Ma,
before the closure of the isthmus of Panama (Fig. 2). Divergence events in Ludwigia inhabiting Andean
foreland basins and basins in central South America took place before, during, and after previously
proposed rapid pulses of Andean uplift, with most speciation events taking place during and after these
previously proposed geologic events (Fig. 2). However, lineage-though-time plots show that lineage
accumulation showed no significant changes through time. Indeed, Monte Carlo constant-rates accounting
for incomplete sampling suggest that lineage accumulation did not vary through time in the Central and

South American clade (negative gamma (y) statistic; y=-1.9209, p-value=0.294).
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Biogeography of Ludwigia and its link to landscape change in nSA—Ancestral range
reconstruction with BioGeoBEARS indicated that after the North American clade of Ludwigia diverged
from the predominantly Central and South American clade, the ancestor of the latter clade was most
likely distributed in South/Central America (Fig. 3). This at a time when a vast wetland, the Pebas lake,
dominated a great portion of northern and Central South America. Long-distance dispersal events to
Africa, Asia, and Oceania were inferred to have taken place repeatedly in this clade, mostly within the last

10 My.

A clade of five species restricted to the Parana basin in central-eastern South America (L. hassleriana, L.
irwinii, L. martii, and L. myrtifolia; (Fig. 3; Appendix S2, S3) is recovered. Three other species included
in this study (L. lagunae, L. neograndiflora, L. major, and L. pseudonarcissus; Fig. 3, Appendix S4, S5,
S6) are restricted to that drainage basin but are not nested in this clade. Four species (L. bonariensis, L.
grandiflora, L. hexapetala, and L. peploides) have disjunct distributions in central-eastern South America
and North America (although L. peploides extends to Central America; Appendix S8, S9). The remaining
South American species have wide ranges that span Central America through South America (Fig. 3). Of
the 28 species included and present in South America, nine species have distributions outside the

Neotropics (Fig. 3).

DISCUSSION

Landscape changes through the Miocene onwards in northern and central South America did not have a
marked impact on diversification patterns of Ludwigia, a group of aquatic plants living in lentic
ecosystems with center of diversity in the Neotropics. Here we show that divergence times in Ludwigia
species living in Andean foreland basins as well as drainage basins in eastern South America took place
before, during, and after suggested times for major recent pulses of the Andes. We further show that the
rate of lineage accumulation did not vary significantly through time in this group. Our results imply that
extant lineages of Ludwigia in South America originated when the Pebas system was a dominant feature
in the landscape of Central and northern South America (Wesselingh et al., 2001; Antonelli et al., 2009;
Hoorn et al., 2010). The group continued to diversify as further uplift of the Andes resulted in the
disappearance of the Pebas Lake and in the assembly of the heterogeneous landscape matrix that exists
today. These results contrast with the previously reported strong impact of drainage basin reconfiguration
linked to Andean uplift on the evolution of aquatic plants restricted to lotic ecosystems, where divergence
times occurred in conjunction with pulses of uplift of the Andes (Bedoya et al., 2021). Our study provides
the framework for testing of subsequent hypotheses for the role of landscape and climate change on the

evolution of plants in lentic ecosystems across South America. Below we discuss the possible reasons for
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the steady diversification of Ludwigia in South America through time and suggest future research avenues
to continue assessing the impact of landscape change in South America on the evolution of plants in

standing-water ecosystems.

Phylogenetic inference, divergence dating, and diversification— Although our data overall show that the
diversification of Ludwigia in South America remained constant through time, a slight increase in species
accumulation is detected around the time when the Pebas lake disappeared (Fig. 2). However, this does
not differ significantly from what would be expected under a pure-birth process. These findings imply
that 1) factors promoting diversification in the group remained constant at least from the late Oligocene
onwards, 2) that changes in climate and landscape change in South America did not exert any influence
on diversification patterns in this group of plants, or 3) that different factors taking place at various times
exerted a similar impact on species accumulation through time in Ludwigia species in South America.
These hypotheses are not mutually exclusive. Given the dynamic history of landscape change in South
America (Hoorn et al., 2010) and the known global climatic changes throughout the Cenozoic (Zachos,

2001), the first scenario seems unlikely.

The clade composed mainly of Central and South American species (also including some African species)
first started to diversify at the time when the Pebas lake was still in place before major recent pulses of
Andean uplift took place (Fig. 2). A previous investigation of the biogeographic history of the order
Mpyrtales concluded that the family Onagraceae and Ludwigia most likely originated in South America
and dispersed to Africa (Berger et al., 2016). This is consistent with our conclusion that the mainly
Central American and South American clade was present in South America when a vast wetland covered
what is now western Amazonia. The mosaic of aquatic ecosystems comprising the Pebas lake over ca. one
million km? included permanent and temporal lakes, slow-moving rivers, cut-off meanders, swamps, and
gallery forests (Wesselingh et al., 2001, 2006; Latrubesse et al., 2010; Gross et al., 2011) and it is thought
to have promoted diversification of fauna adapted to the aquatic conditions characteristic of this formation
such as crocodilian species (Muifioz-Torres et al., 2006; Wesselingh, 2006; Salas-Gismondi et al., 2015).
This mosaic would have provided ample physical space and diversity of habitats (ponds, lakes, swamps,
transition zones, flooded plains, cutoff meanders, etc) to promote diversification in Ludwigia. However,
whether or not habitat diversity correlates with an increase in ecological strategies represented in

Ludwigia remains to be investigated.

Divergence events in Ludwigia also took place after the draining of the Pebas lake system, concomitant

with the onset of recent pulses of Andean uplift (Fig. 2). Major mountain building in the region marked a
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transition towards the formation of a complex landscape matrix with wetlands, inter-Andean valleys, and
three mountain ranges that created the current lotic environments and caused rain shadow effects and
microclimate heterogeneity (Houston and Hartley, 2003; Richardson et al., 2018). Andean uplift also
resulted in the establishment of the current drainage basins including the Amazon, the formation of high-
elevation tropical ecosystems, and the fragmentation of previously connected areas (Gentry, 1982;
Hughes and Eastwood, 2006; Brumfield and Edwards, 2007). Landscape heterogeneity is a major
promoter of species diversification (Gentry, 1982, 1988; Fine et al., 2005; Kreft and Jetz, 2007; Antonelli
and Sanmartin, 2011b; Smith et al., 2014) and the complex landscape matrix resulting from Andean uplift
in South America is believed to have fostered diversification (Smith et al., 2014) with valleys allowing
episodic dispersal of lowland animal species (Cadena et al., 2016). The landscape matrix described above
could explain why the rate of lineage accumulation through time in Ludwigia did not decrease even after
the Pebas lake disappeared. As mentioned above, whether or not habitat diversity correlates with an
increase in ecological strategies represented in Ludwigia remains to be investigated. Additional factors
such as climate fluctuations in the Pleistocene could have contributed to speciation in this group of both
strictly aquatic and amphibious plants. Pleistocene cooling events have been hypothesized to be one of the
drivers of diversification of the Neotropical flora in seasonally-dry forests, mountains, and grasslands
(Pennington et al., 2004; Antonelli and Sanmartin, 2011a; Madrifian et al., 2013; Hughes and Atchison,
2015; Flantua et al., 2019; Vasconcelos et al., 2020). At this time, the extent and assembly of lentic
ecosystems could have been affected by the expansion of grasslands, perhaps resulting in the
fragmentation of lentic habitats. The impact of climate fluctuations in the Pleistocene on lentic

ecosystems and its impact of the flora in these aquatic environments remain to be investigated.

The possibility remains however, that when the predominantly Central and South American clade of
Ludwigia first started to diversify, the lineage was not centered in the area occupied by the Pebas lake, nor
where species distributed in areas where mountain uplift took place. The Parana drainage basin, which
include the wet pampas and the Ibera wetlands (second largest wetlands on earth; Fig. 2), was in place
during the Cenozoic (Brea and Zucol, 2011). Multiple species of Ludwigia currently inhabit this region
with a clade <6 Ma old consisting of species centered in the area. The group may have been centered
there in the past as well, although marine incursions invaded the region during the Miocene (Ruskin et al.,
2011; Appendix S11). Presence of high diversity and endemism in the Parana drainage basin suggests that
mountain uplift was not necessary for diversification of Ludwigia, as there has been little topographic

change in this region in recent time (Brea and Zucol, 2011).
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In either case, Andean uplift did not result in a significant change in diversification of Ludwigia species
that currently inhabit Andean foreland basins and drainages in northern and central South America. These
results contrast with results obtained from several studies on terrestrial plants living in mountains and
lowlands showing accelerated rates of diversification linked to Andean uplift (Hughes and Eastwood,
2006; Madrinan et al., 2013; Lagomarsino et al., 2016; Pérez-Escobar et al., 2017; Testo et al., 2019).
Furthermore, the results presented in this study contrasts with those of aquatic plants living strictly in
rivers, where divergence times occurred in conjunction with recent pulses of Andean uplift (Bedoya et al.,
2021). These contrasts highlight that not all plant groups responded in the same way to Andean uplift, and
that in the case of Ludwigia, their association to standing-water ecosystems may be a significant factor in
the steady accumulation of species though time reported here. Particularly, the more effective dispersal
ability resulting in wider ranges in plants in wetlands (Paradis et al., 1998; Karrenberg et al., 2002; Hof et
al., 2006; Soons, 2006; Soons et al., 2017).

To test the hypotheses laid out above, future studies should focus on inferring phylogenetic relationships
of populations within species distributed in regions across northern and central South America, on
studying the spatial distribution of genetic variability in those populations, and on investigating ecological
strategies in Ludwigia in a phylogenetic and diversification framework. These would help determine how
populations evolved across the landscape matrix through time, if there are geographic barriers to gene

flow, and what the drivers of diversification may be in this group.

Biogeography of Ludwigia and its link to landscape change in nSA— The most recent common ancestor
of the Central and South American Ludwigia clade was most likely present in the region (Fig.3), as
inferred previously for the family Onagraceae (Berger et al., 2016), where Ludwigia is sister to the rest of
the genera in the family. Multiple inferred long-distance dispersal events are consistent with the invasive
potential of Ludwigia (Okada et al., 2009; Ruaux et al., 2009; Gillard, Thiébaut, et al., 2017; Skaer
Thomason et al., 2018) and the well-documented widespread distribution of some aquatic plants,
particularly of those inhabiting wetlands (Paradis et al., 1998; Karrenberg et al., 2002; Hof et al., 2006;
Soons, 2006; Soons et al., 2017). Water and wind dispersal have been reported for seeds and vegetative
structures in Ludwigia (Okada et al., 2009; Ruaux et al., 2009; Gillard, Grewell, Deleu, et al., 2017), with
the retention of long-term buoyancy of seeds that allow water dispersal over long distances (Eyde, 1978;

Ruaux et al., 2009; Grewell et al., 2019).

Various Ludwigia species that were inferred to have originated after the final uplift of the Andes (L.

leptocarpa, L. rigida, L. erecta, L. affinis, L. nervosa, and L. octovalvis) are currently distributed in
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standing-water ecosystems across the Andes (Fig. 3, Appendix S3, S4). This is an indicator that the
Andes are not a barrier for dispersal of Ludwigia. However, it remains to be determined if populations are
genetically structured across space. A trans-Andean fluvial portal is hypothesized to have existed across
the Andes in northern South America from ca. 13 to 4 Ma (Montes et al., 2021), and fluvial connections
across drainage basins could have remained throughout that interval of time, facilitating the dispersal of
Ludwigia species across the Andes. Whether or not gene flow is halted by the Andes, it remains to be
investigated if isolation by distance takes place in populations of Ludwigia species across the Andes and

what the modes of speciation in the group are.

The monophyletic group of species restricted to the Parana drainage basin diverged relatively late
compared to other groups in the Central and South American Ludwigia clade. This may point to a late
migration of Ludwigia to southern South America. However, several species of Ludwigia with
distributions in the Neotropics remain to be included in a complete phylogenetic analysis of the group to

make more confident biogeographical inferences within Central and South America Ludwigia.

CONCLUSIONS

Higher biodiversity in the Neotropics compared to other tropical areas was explained by Gentry as a
consequence of rapid Andean uplift triggering species diversification (Gentry, 1982). This study explores
the role of Andean uplift on the evolution of plants in standing-water ecosystems using Ludwigia as a
model system. It represents a first attempt in elucidating how the dramatic changes to aquatic ecosystems
that took place in northern South America from the Miocene onwards shaped the evolution of aquatic
plants in standing-water ecosystems. Even though Andean uplift triggered diversification of lowland and
high elevation terrestrial taxa and directly shaped the evolution of plants in rivers (Bedoya et al., 2021), it
did not cause a change in the rates of accumulation of Ludwigia species through time. We provide
hypotheses for why diversification in Ludwigia remained constant, as well as the probable context in

which Ludwigia evolved in South America.

The divergence time inference presented here is a means to explore the parameter space of evolutionary
scenarios and constitutes the basis for our subsequent analyses. Further testing of these results should
include increasing the sampling of species and of genomic regions to conduct species tree inference
incorporating gene flow. This given that some speciation events were inferred to be recent in geological
time and that natural hybridization is regarded as fairly common in Ludwigia, playing a key role in
species evolution with some hybrid speciation events reported in the group (Raven and Tai, 1979; Peng,

1989; Zardini et al., 1991; Nesom and Kartesz, 2000; Peng et al., 2005; Hung et al., 2009; Liu et al.,
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2020). Therefore, phylogenetic methods that incorporate a strictly bifurcating tree model and ignore
incomplete lineage sorting as a cause of gene tree discordance may result in biased estimates of
relationships and divergence times (Leaché et al., 2014). In addition, population-level studies would help

test if there is gene flow across the Andes or if isolation-by-distance takes place.

This study provides the framework for future research aiming to understand how landscape change
shaped the evolution of aquatic plants in standing-water ecosystems in order to gain a better
understanding of the processes responsible for the assembly of the Neotropical flora. Furthermore, several
species of Ludwigia are considered to be invasive and dispersed by propagules and seed dispersal through
hydrochory (Okada et al., 2009; Ruaux et al., 2009; Gillard, Thiébaut, et al., 2017; Skaer Thomason et al.,
2018). Determining what factors limit species dispersal has important implications in preservation of

ecosystems and management of invasive species.
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683 Table 1. Ludwigia species included in this study and NCBI accession numbers for the taxa included in this study.

Species ITS rpll6 rps16 trnG trnL

L. abyssinica KX168306 KX154596 KX154371 KX154280 KX168264, KU941992
L. adscendens KX168307 KX154597 KX154372 KX154281 KX168274, KU941993
L. affinis KP026969

L. alternifolia KX168309 KX154600 KX154375 KX154284 KX168220, KX154261
L. bonariensis KX168311 KX154602 KX154377 KX154286 KX168241, KX154263
L. decurrens KX168317 KX154607 KX154382 KX154291 KX168278, KX154267
L. elegans KX168318 KX154608 KX154383 KX154292 KX168283, KX154269
L. erecta KX168320 KX154610 KX154385 KX154294 KX168250, KX154271
L. grandiflora KX168323 KX154613 KX154388 KX154297 KX168284

L. hassleriana KX168325 KX154615 KX154390 KX154299 KX168287, KX154276
L. helminthorrhiza KP026983

L. hexapetala KX154616 KX154300 KX168215, KX168143
L. hyssopifolia KX168328 KX154618 KX154393 KX154302 KX168238, KX168145
L. inclinata KP026973 KX154457 KX168211 KX168308, KX168210
L. irwinii KX168331 KX154621 KX154396 KX154305 KX168294, KX168148
L. jussiaeoides KX168332 KX154622 KX154397 KX154306 KX168239, KX168149
L. lagunae KX168333 KX154624 KX154399 KX154308 KX168259, KX168151
L. leptocarpa KX168336 KX154627 KX154402 KX154311 KX168282, KX168154
L. linearis KX168341 KX154632 KX154407 KX154316 KX168225, KX168159
L. major KX168343 KX154634 KX154409 KX154318 KX168279, KX168161
L. martii KX168345 KX154636 KX154411 KX154320 KX168293, KX168163
L. myrtifolia KX168348 KX154640 KX154415 KX154324 KX168295, KX168167
L. neograndiflora KX168349 KX154641 KX154416 KX154325 KX168285, KX168168
L. nervosa KX168351 KX154643 KX154418 KX154327 KX168286, KX168170
L. octovalvis KX168356 KX154648 KX154423 KX154332 KX168258, KX168175
L. ovalis KX168359 KX154651 KX154426 KX154335 KX168216, KX168178
L. peploides KX168363 KX154655 KX154430 KX154339 KX168218, KX168182
L. perennis KX168364 KX154656 KX154431 KX154340 KX168296, KX168183
L. peruviana KX168366 KX154659 KX154434 KX154343 KX168271, KX168186
L. pseudonarcisssus KX168369 KX154662 KX154437 KX154346 KX168291, KX168189
L. quadrangularis KX168371 KX154664 KX154439 KX154348 KX168191

L. ravenii HES585708 KX154665 KX154440 KX154349 KX168240, KX168192
L. rigida KP026971 KX154668 KX154443 KX154365 KX168300, KX168195
L. sedioides KX168375 KX154669 KX154444 KX154352 KX168217, KX168196
L. sericea KX168377 KX154671 KX154446 KX154354 KX168281, KX168198
L. stenorraphe KX168381 KX154675 KX154450 KX154358 KX168254, KX168202
L. stolonifera KX168383 KX154677 KX154452 KX154360 KX168265, KX168204
L. suffruticosa KX168384 KX154678 KX154453 KX154361 KX168229, KX168205
L. torulosa KP026984 KX154682 KX154458 KX154366 KX168301, KX168209
Chamerion angustifolium JF976295 NC 052848.1  AY267389 NC 052848.1 = AY264505

Chamerion latifolium 128023 DQ860545

Circaea alpina AY357769 AY357851 AY264498

Circaea lutetiana GQ232526 GQ232649 GQ232710

Epilobium ciliatum 128015 AY264508

Epilobium cylindricum JF976300

Fuchsia boliviana GQ232536 GQ232660 GQ232722

Fuchsia cyrtandroides AY357779 AY357861 AY905460

Fuchsia excorticata AY357781 AY357863 GQ232724

Fuchsia procumbens GQ232543 AY357882 GQ232729

Lythrum salicaria AY035750 NC 042891.1 = NC 042891.1 | NC 042891.1 = NC 042891.1

Trapa natans MH712715 NC 042895.1 NC 042895.1 @ NC 042895.1 MT316134
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FIGURE LEGENDS
Figure 1. Examples of hydrophytic and helophytic Ludwigia species. a) L. nervosa and b) L. rigida
rooted-emergent helophytes inhabiting flooded savannas and shallow ponds. ¢) L. sedioides and d) L.

inclinata are rooted-floating and rooted-submerged hydrophytes that live in ponds and lakes.

Figure 2. Time-calibrated tree of Ludwigia and lineage-through-time plots (LTT). Blue vertical lines
delimit the approximate time frame when the Pebas lake was in place (23—10 Ma). Posterior probabilities
>0.7 are shown above branches. Brown vertical lines indicate the approximate times when two major
recent pulses of Andean uplift took place in northern South America (12—-6 Ma and 4.5 Ma). Orange:
North American clade. Green: predominantly Central and South American clade. Underlined text:
Ludwigia species whose range currently include northern South America. Ludwigia species endemic to
Africa are indicated with asterisks (*). LTT: semi-logarithmic plot where log-transformed values for
number of lineages through time are shown (bold black line). Results from simulations under a pure-birth

model are in grey. Prediction under a pure-birth process is shown with a red-dashed line.

Figure 3. Results from the biogeographic analysis with BioGeoBEARS. Pie charts on nodes indicate the
relative probabilities of ancestral ranges. Ranges reconstructed at ancestral nodes are shown. The
hypothesized time frame when the Pebas system existed (23—-10 Ma) and the recent pulses of Andean
uplift took place (12—6 Ma and ~4.5 Ma) are indicated with dashed lines in blue and brown, respectively.
The current distribution of species is shown at the tips. Bold: Ludwigia species whose ranges currently

include northern South America.



Appendix S1. Currently accepted Ludwigia species. Species included in this study (Table 1) are indicated with (*).
Distribution in the five geographic areas defined is shown; South America (S), North America (N), Eurasia (A),

Africa (F), Oceania (O)
Species Distribution
L. abyssinica* F
L. adscendens* A/F/O
L. affinis* S/F
L. africana F
L. alata N
L. albiflora S
L. alternifolia* N
L. anastomosans S
L. arcuata N
L. bonariensis* S/N
L. brachyphylla S
L. brenanii F
L. brevipes N
L. bullata S
L. burchellii S
L. caparosa S
L. curtisii N
L. decurrens* S/N/A/F
L. densiflora S
L. dodecandra S
L. elegans* S
L. epilobioides A
L. erecta* S/N/F
L. filiformis S
L. foliobracteolata S
L. glandulosa N
L. grandiflora* S/N
L. hassleriana* S
L. helminthorrhiza* S
L. hexapetala* S/N/A
L. hirtella N
L. hookeri S
L. hyssopifolia* S/N/A/F/O
L. inclinata* S
L. irwinii* S
L. jussiaeoides™* F
L. lagunae* S
L. lanceolata N
L. laurotteana S
L. latifolia S
L. leptocarpa* S/N/F
L. linearis* N
L. linifolia N
L. longifolia S
L. major* S
L. maritima N
L. martii* S
L. mexiae S
L. microcarpa N
L. multinervia S
L. myrtifolia* S
L. neograndiflora* S
L. nervosa* S
L. octovalvis* S/N/A/F/O
L. ovalis* A
L. palustris S/N/A/F/O
L. peduncularis S
L. peploides* S/N/A/O
L. perennis* A/F/O
L. peruviana* S/N/A/O

L. pilosa N
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L.

L
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polycarpa
prostrata

. pseudonarcisssus*

quadrangularis*
ravenii*
repens
rigida*
sedioides*
senegalensis
sericea*®
simpsonii
spathulata
speciosa
sphaerocapra
stenorraphe*
stolonifera*
stricta
suffruticosa*
tomentosa
torulosa*
virgata
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Appendix S11. Map of South America in the middle Miocene. Modified from Gross et al. 2016.
The Pebas lake and the Parana Sea were in place.





