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Abstract

The water-lily clade represents the second earliest-diverging branch of angiosperms. Most of its species belong to Nymphaeaceae,
of which the “core Nymphaeaceae”—comprising the genera Euryale, Nymphaea and Victoria—is the most diverse clade. Despite
previous molecular phylogenetic studies on the core Nymphaeaceae, various aspects of their evolutionary relationships have
remained unresolved. The length-variable introns and intergenic spacers are known to contain most of the sequence variability
within the water-lily plastomes. Despite the challenges with multiple sequence alignment, any new molecular phylogenetic investiga-
tion on the core Nymphaeaceae should focus on these noncoding plastome regions. For example, a new plastid phylogenomic study
on the core Nymphaeaceae should generate DNA sequence alignments of all plastid introns and intergenic spacers based on the
principle of conserved sequence motifs. In this investigation, we revisit the phylogenetic history of the core Nymphaeaceae by
employing such an approach. Specifically, we use a plastid phylogenomic analysis strategy in which all coding and noncoding parti-
tions are separated and then undergo software-driven DNA sequence alignment, followed by a motif-based alignment inspection
and adjustment. This approach allows us to increase the reliability of the character base compared to the default practice of aligning
complete plastomes through software algorithms alone. Our approach produces significantly different phylogenetic tree reconstruc-
tions for several of the plastome regions under study. The results of these reconstructions underscore that Nymphaea is paraphyletic
in its current circumscription, that each of the five subgenera of Nymphaea is monophyletic, and that the subgenus Nymphaea is sis-
ter to all other subgenera of Nymphaea. Our results also clarify many evolutionary relationships within the Nymphaea subgenera
Brachyceras, Hydrocallis and Nymphaea. In closing, we discuss whether the phylogenetic reconstructions obtained through our
motif-based alignment adjustments are in line with morphological evidence on water-lily evolution.

© 2024 The Authors. Cladistics published by John Wiley & Sons Ltd on behalf of Willi Hennig Society.

Introduction
Systematics and diversity of Nymphaeaceae
Nymphaeaceae are a near-cosmopolitan family of

flowering plants that comprise approximately 75 spe-
cies of aquatic herbs in five distinct genera

*Corresponding author:
E-mail address: m_gruenstacudl@fhsu.edu

(i.e. Barclaya, Euryale, Nuphar, Nymphaea and Victo-
ria; Borsch et al., 2008; Lohne et al., 2009). Nymphaea,
commonly referred to as “water-lilies,” represents the
largest and most widely distributed genus of the fam-
ily. The family is sister to the largely Neotropical
Cabombaceae, which include only six or seven species
in two genera (Brasenia and Cabomba; Lohne
et al., 2007; Barbosa et al., 2018). Ecologically, Nym-
phaeaceae are highly diverse and inhabit many fresh-
water habitats of the temperate, subtropical, and
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tropical zones (Lohne et al., 2007). The primary cen-
tres of diversity of Nymphaeaceae correlate with the
distribution areas of three of the five subgenera of
Nymphaea: northern South America, the Caribbean,
the Zambezian region of Africa, and northern Austra-
lia (Lohne et al., 2008b).

The largest clade of Nymphaeaceae comprises the
three genera Nymphaea, Euryale, and Victoria and is
often referred to as the “core Nymphaeaceae” (Borsch
et al., 2007)—a terminology we follow here as well. It
has been recovered in several molecular phylogenetic
investigations with maximum node support (e.g. Borsch
et al., 2007, Lohne et al., 2007). Morphologically, this
clade is supported by a protruding floral axis that dis-
tinctly exceeds the surrounding carpel tissue (Mose-
ley, 1961; Borsch et al., 2008), a tetramerous outer
perianth (Schneider et al., 2003), the presence of an aril
and stipules (Borsch et al., 2008), and floral vasculature
characters (Moseley et al., 1993; Les et al., 1999). Spe-
cies diversity within the core Nymphaeaceae is highly
unequal: Nymphaea comprises approximately 55-60
extant species (Borsch et al., 2011), whereas the genera
Euryale and Victoria include only one and three species,
respectively (Smith et al., 2020). Originally, the core
Nymphaeaceae also included the monotypic Australian
genus Ondinea, but its species (O. purpurea) has been
identified as a member of Nymphaea subgen. Anecphya
and it was transferred into the genus as N. ondinea
(Lohne et al., 2009). Nymphaea has been subdivided
into five subgenera that reflect their primary distribution
areas: the Papuan-Australian Anecphya (c. 16 species),
the pantropical Brachyceras (c. 16 species), the Neotrop-
ical Hydrocallis (c. 15 species), the Palaeotropical Lotos
(c. three species), and the north-temperate Nymphaea (c.
eight species; Borsch et al., 2007; Lohne et al., 2007).

Three reasons render the exploration of the evolu-
tionary history of Nymphaeaceae important. First,
the family represents one of the earliest-diverging lin-
eages within the flowering plants, making it relevant
for understanding the history of early angiosperms
(Zhang et al., 2020). Specifically, the morphological,
cytological and spatiotemporal evolution of this line-
age is relevant for evaluating hypotheses on the
ancestor of all angiosperms (Borsch et al., 2008).
Second, the evolution of Nymphaeaceae is of high
interest for ecological and morphological aspects.
For example, their evolutionary history indicates that
Nymphacaceae have developed adaptations to sea-
sonal habitats and different pollination strategies
(Lohne et al., 2008b). Third, our knowledge of the
phylogenetic relationships of Nymphaeaceae and rel-
atives has remained fragmentary. Specifically, the
radiation of the core Nymphaeaceae is only partially
understood. For example, the exact position of Victo-
ria within Nymphaea and the relationships within the
clade formed by Nymphaea subgenera Anecphya

and Brachyceras have yet to be clarified (Lohne
et al., 2008b).

Previous molecular phylogenetic investigations on
Nymphaeaceae

Several molecular phylogenetic investigations have
explored the evolutionary history within and among
genera of Nymphaecaceac. Most of these studies
employed traditional Sanger sequencing to generate
nucleotide sequence data for one or a few genomic
loci. Les et al. (1999), for example, evaluated the phy-
logenetic relationships between different genera of
water-lilies using both nuclear and plastid genome loci.
A dataset with a denser representation of Nymphaea
was compiled and evaluated by Borsch et al. (2007),
who compared interspecific relationships in Nymphaea
with the plastid trnT—trnF region and investigated the
molecular evolution of its two spacers and the group I
intron in trnl. Their results indicated weak to medium
support for the monophyly of Nymphaea and the pres-
ence of three major lineages within the genus: a
strongly supported clade comprising the subgenera
Hydrocallis and Lotos, which share various morpho-
logical synapomorphies (e.g. night-blooming flowers
predominantly pollinated by beetles); a clade compris-
ing subgenera Anecphya and Brachyceras; and a clade
comprising subgenus Nymphaea, which was found to
be sister to a clade comprising all other species of the
genus. Their study was also the first to indicate that
the genus Ondinea was nested within Nymphaea and a
close relative of subgenus Anecphya. Likewise, Lohne
et al. (2007) analysed different plastome regions
among 12 members of Nymphaeaceae, including all
subgenera of Nymphaea. Their results indicated that
Nymphaea may be paraphyletic unless the genera
Ondinea, Victoria and FEuryale were included, that
Ondinea formed a clade with members of subgenus
Anecphya, and that Victoria and Euryale were closely
related to subgenera Hydrocallis and Lotos.

Borsch et al. (2008) extended the taxon sampling of
previous studies to members of the Cabombaceae and
analysed DNA sequences of the nuclear ribosomal
internal transcribed spacer (nrITS) region and the
mitochondrial gene matR across members of each
genus and contrasted their results with morphological
data. They found that Nymphaeaceac were monophy-
letic, and that the genera Nuphar and Barclaya were
successive sister taxa to the core Nymphaeaceae.
Lohne et al. (2008a) extended the taxon sampling of
previous investigations to generate the first
near-comprehensive analysis of phylogenetic relation-
ships among the Australian water-lilies (Nymphaea
subgenus Anecphya). They found that subgenus Anec-
phya is split into two clades that exhibit different seed
size and that the monotypic genus Ondinea has a close
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relationship to members of the small-seeded clade of
this subgenus. This phylogenetic placement of Ondinea
was taxonomically formalized by Lohne et al. (2009)
when they subsumed the genus under Nymphaea as
N. ondinea. Lohne et al. (2008a) detected phylogenetic
incongruence between plastid and nuclear genome
sequence data, which suggested hybridization or intro-
gression among the Australian species of Nymphaea.
Borsch et al. (2011) analysed nrITS and plastid trnT-
trnFF DNA sequences to clarify the relationships
between water-lilies of subgenus Brachyceras and the
Australian representatives of Nymphaea. Their results
indicated the monophyly of subgenus Brachyceras,
which includes the presence of a clade of American
species that are phylogenetically nested among some of
their African consubgeners. Additional attention to the
North American species of Nymphaea was given by
Borsch et al. (2014), who analysed the plastid t#rn7—
trnF region among 43 samples of subgenus Nymphaea
and found that N. leibergii and N. tetragona were
likely to be sister species.

Previous plastid phylogenomic studies of Nymphaeaceae

The phylogenetic position and the monophyly of
Nymphaeaceae as well as the size and structure
of their plastid genomes have been evaluated in several
previous investigations. The first study to phylogeneti-
cally analyse and compare water-lily plastomes was
conducted by Gruenstaeudl et al. (2017), who identi-
fied conservation in size and gene content, strong sup-
port for a sister relationship between Nymphaecaceae
and Cabombaceae, and strong support for the mono-
phyly of the Cabombaceae. However, only weak, if
any, support was obtained for the monophyly of Nym-
phaeaceae because Nuphar was repeatedly recovered as
sister to either Cabombaceae alone or a clade of the
Cabombaceae and the remainder of Nymphaeaceae.
He et al. (2018) retrieved and supplemented the taxon
set of Gruenstaeudl et al. (2017) in a second investiga-
tion on the monophyly of Nymphaeaceae. While their
results indicated that Nymphaeaceae were monophy-
letic, a subsequent gene-wise re-evaluation of their
analyses found the monophyly of Nymphacaceae
remained unresolved (Gruenstaeudl, 2019). Nonethe-
less, each of these studies supported the monophyly of
the core Nymphaeaceae, but many of the intergeneric
and especially interspecific relationships have remained
uncertain.

Importance of motif-based sequence alignment in plastid
phylogenomics

Although the positional homology among the nucle-
otides of a DNA sequence alignment represents the
data foundation for molecular phylogenetic inferences

(Ogden and Rosenberg, 2006), not all phylogenetic
investigations pay sufficient attention to the accuracy
of these alignments. In phylogenetics, a DNA sequence
alignment is a set of assumptions on the homology
between the individual nucleotides of input DNA
sequences and typically inferred through the process of
multiple  sequence  alignment (MSA;  Phillips
et al., 2000). Homology assumptions across nucleotide
sequences are mostly grounded in molecular genetic
theories that were established based on the empirical
observation of DNA sequence mutations over time
(Morrison, 2006). As such, DNA sequence alignments
are inferences that can be more or less accurate,
depending on how well the underlying mutational
dynamics are represented through the implied posi-
tional homologies (Kelchner, 2000; Borsch and
Quandt, 2009). The use of sequence motifs that are
conserved—and that can, thus, be tracked—across lin-
eages has been found particularly beneficial when try-
ing to identify homologous regions across DNA
sequences and, by extension, to conduct MSA (Hick-
son et al., 2000; Morrison, 2008). Conserved sequence
motifs are nucleotide regions that share one or more
structural or functional constraints and are maintained
across different organismic lineages. Prominent exam-
ples of conserved sequence motifs are gene promoters,
the binding sites of transcription factors, and hairpin
loops representing secondary DNA structure (Hickson
et al., 1996). Owing to their structural or functional
constraints, conserved sequence motifs do not typically
experience random nucleotide substitutions but instead
exhibit mutations that are in line with the constraints
of the motifs (e.g. Liang et al., 2018; Pereira et al.,
2022). Moreover, plastome DNA exhibits characteris-
tic patterns of microstructural mutations that typically
affect multiple nucleotides at once, such as the expan-
sion or contraction of simple sequence repeats (SSRs)
or the inversion of entire sequence elements (Kelch-
ner, 2000; Morrison, 2008; Borsch and Quandt, 2009).
Thus, sequence motifs do not conform to the implicit
assumption of most alignment algorithms, which weigh
each sequence position equally and assume gaps of
individual nucleotides as fifth character states. Geno-
mic sequences that contain numerous conserved
sequence motifs represent a mosaic of evolutionary
pressures that can be challenging to model algorithmi-
cally (Chatzou et al.,, 2016). Hence, the process of
MSA of genome regions with an abundance of con-
served sequence motifs requires a different alignment
strategy than the MSA of largely unconstrained
genome regions (Dijkstra et al., 2018).

Over the past decades, various studies have
highlighted the negative effect that imprecise sequence
alignments—and, thus, incorrect assumptions of posi-
tional homology—can have on the accuracy of phylo-
genetic tree inference (e.g. Wong et al., 2008). Despite
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these findings, many phylogenetic investigations,
including most phylogenomic ones, assume that the
positional homology established through automatic,
software-driven sequence alignment is either correct by
default or at least repeatable and, thus, suitable for
phylogenetic inference (Morrison, 2006, 2009). While
this simplification may be sufficient in cases where
only the coding regions of genomes are phylogeneti-
cally analysed, the positional homologies of which are
easier to establish (e.g. Leebens-Mack et al., 2005), it
can be misleading when noncoding genome regions are
compared (e.g. Escobari et al., 2021). The plastid
genome of land plants, for example, comprises a large
proportion of noncoding DNA regions, which consti-
tutes 40-45% of the overall genome length and typi-
cally exhibits a higher average rate of nucleotide
substitution than the coding regions (Shaw
et al., 2007). In most plastid phylogenomic datasets,
the noncoding regions, thus, contain the majority of
all potentially informative characters (e.g. Korotkova
et al., 2014). Next to nucleotide substitutions, the
intron and spacer regions of plastid genomes, and even
some of their genes (e.g. matK; Hilu et al., 2003), can
accumulate small microstructural mutations, including
SSRs, insertions and deletions, and short sequence
inversions (Graham et al.,, 2000; Kelchner, 2000;
Borsch and Quandt, 2009). Some AT-rich intron and
spacer regions with SSRs or minisatellites may even be
hypervariable, resulting in a virtual inability to estab-
lish positional homology for these regions (Borsch
et al., 2003; Korotkova et al., 2014). Dedicated MSA
strategies are, thus, critical for phylogenomic analyses
of noncoding sequence data (e.g.  Escobari
et al., 2021).

The higher frequency of microstructural mutations
in noncoding compared to coding plastome regions
warrants extra assessments of the positional homology
in plastid phylogenomic data (Kelchner, 2000; Lohne
and Borsch, 2005). Such assessments typically com-
prise an inspection and, where necessary, a manual
adjustment of the software-generated sequence align-
ments (Morrison, 2006; Escobari et al., 2021).
Alignment adjustments that are guided by conserved
sequence motifs have been found to be particularly
beneficial in this process (Lohne and Borsch, 2005;
Morrison, 2008), as they measurably reduced the levels
of homoplasy in the aligned regions (Escobari
et al., 2021). Before the widespread application of phy-
logenomic datasets (i.e. when only a few genomic
regions were analysed in molecular phylogenetic stud-
ies), such alignment inspections were commonplace
(Morrison et al., 2015). In contemporary molecular
phylogenetics, however, such inspections have largely
fallen out of favour, not least as a consequence of
their perceived time intensity given the size of most
phylogenomic datasets (e.g. Wu et al, 2012).

Most phylogenomic investigations instead apply auto-
mated remedies against uncertain sequence alignments,
such as dynamic gap penalties during automated MSA
(e.g. Sela et al., 2015) or the masking of alignment
regions with suboptimal confidence scores (e.g. Wu
et al., 2012). However, these strategies typically ignore
the underlying motif-based sequence evolution (Morri-
son, 2009), and some have even been found to reduce
the accuracy of the phylogeny inference (e.g. Tan
et al.,, 2015). Especially in cases where most species
under study have diverged recently and the clades are
characterized by short internal nodes or shallow termi-
nal subclades, which are the very evolutionary condi-
tions when the comparison of complete plastid
genomes is deemed the most useful (e.g. Escobari
et al.,, 2021), the application of alignment inspection
and adjustment is rarely employed.

Given the ample evidence on the importance of
accurate MSA for accurate phylogenetic reconstruc-
tion (Ogden and Rosenberg, 2006), plastid phyloge-
nomic investigations should not shy away from the
inspection and, where necessary, motif-aware adjust-
ment of software-generated sequence alignments, even
if such inspections appear time-consuming owing to
the large amounts of sequence data involved. In fact,
in phylogenomic studies of taxon groups with low
genetic distances, motif-based alignment adjustments
may have the strongest impact on phylogenetic accu-
racy (Smith et al., 2020). Because the genetic distances
among the genera of Nymphaeaceae are generally low
(Gruenstaeudl et al., 2017), any plastid phylogenomic
investigation of this plant family should place an
emphasis on a strategy of motif-based alignment
inspection and adjustment with the aim of improving
the reliability of the reconstruction results.

Aims

Here, we conduct a plastid phylogenomic investiga-
tion of Nymphaeaceac with a species sampling of
Nymphaea that is taxonomically greater than previous
plastid phylogenetic studies of this group. At the heart
of our study is a sequence alignment approach that
includes the visual inspection and the motif-based
adjustment of software-generated DNA sequence
alignments. Specifically, we sequence and assemble the
complete plastomes of 21 species of Nymphaea and
one species of Barclaya, combine them with nine previ-
ously published plastid genomes, partition this plas-
tome set by gene, intron and intergenic spacer, align
all partitions bioinformatically, and then manually
inspect and, where necessary, adjust the alignments
using a motif-based evaluation approach, followed by
phylogenetic tree inference. We then assess if our
alignment adjustments improve the positional homol-
ogy among the aligned sequences, affect the inference
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of the best-fitting nucleotide substitution models, and
impact upon the phylogenetic tree reconstructions.
Additional analyses regarding the coding of small
nucleotide insertions/deletions and the presence of
small sequence inversions among the aligned sequences
are also conducted. Taken together, we reconstruct the
phylogenetic history of Nymphaeaceae from complete
plastid genome sequences despite the challenges posed
by the idiosyncratic evolution of the coding and non-
coding plastome regions, as well as the low genetic dis-
tances between the members of this clade, and assess if
the motif-based post-processing of software-generated
sequence alignments measurably improves the reliabil-
ity of these reconstructions.

Materials and methods
Taxon sampling

Plant samples of 21 taxa of Nymphaeaceae, representing 19 differ-
ent species, were collected and sequenced for this investigation. Specif-
ically, we collected 18 samples of Nymphaea, representing each of the
five subgenera (i.e. subgenera Anecphya, Brachyceras, Hydrocallis,
Lotos and Nymphaea), two species of Nuphar and one species of
Barclaya. Among the samples of Nymphaea are two accessions of
N. glandulifera and two accessions of N. lotus, both of which repre-
sent different geographical origins of these species. All samples were
collected either as young leaves from live plant specimens cultivated at
the Botanical Garden and Botanical Museum Berlin (BGBM) or
obtained as deep-frozen leaf material stored at —80°C from previous
fieldwork (see Table 1 for voucher information). Next to these new
plastid genomes, we also included several previously published
plastid genomes in our analyses but excluded the genomes of plants
whose taxonomic identity was uncertain. Specifically, we only included
plastid genomes that were generated from documented plant material
of wild populations and had specimen vouchers available in public
herbaria. By comparison, we abstained from including plastid
genomes that lacked references to herbarium vouchers or other identi-
fying physical material in their source publications. Given that the spe-
cies limits among water-lilies are not clear in all cases and that many
plants in botanical gardens represent ornamental hybrids, we also
tried to avoid the integration of redundant plastid genomes or those
with an uncertain taxonomic identification into our final dataset. This
conservative selection process resulted in the integration of nine previ-
ously published plastome sequences from four different genera into
our analyses: we included the plastid genomes of three species of
Nymphaea (N. alba, N. ampla and N. jamesoniana; all Gruenstaeudl
et al., 2017), three species of Victoria (V. cruziana—Gruenstaeudl
et al., 2017 and Smith et al., 2022; V. amazonica and V. boliviana—
both Smith et al., 2022), one species of Barclaya (B. longifolia; Gruen-
stacudl et al., 2017) and the outgroup species Cabomba caroliniana
(NC_031505; Gruenstaeudl et al., 2017) into a combined dataset. The
final dataset, thus, comprised 30 complete plastomes that represent a
total of 22 different species of recognized genera of the core Nym-
phaeaceae, four species of the family outside the core Nymphaeaceae,
and a representative of the sister family to Nymphaeaceae (i.e.
Cabomba of the Cabombaceae). A complete list of the newly
sequenced as well as the previously published plastomes, species
names, the taxonomic authorities of these species, herbarium voucher
and DNA isolate identifiers, taxonomic affiliation to subgenus of
Nymphaea, and GenBank and NCBI SRA accession numbers is given
in Table 1.

DNA extraction and Illumina sequencing

For each collected plant sample, total genomic DNA was
extracted and sequenced using a genome-skimming approach. To
extract DNA, young leaves were surface-cleaned with deionized
water and 70% ethanol, and desiccated on silica gel for 24 h. Total
genomic DNA was isolated from 20 mg of dried leaf material using
a modified version of the CTAB isolation method (Borsch
et al., 2003). Extracted DNA was purified using the DNeasy Power-
Clean Pro Cleanup Kit (Qiagen, Hilden, Germany) and then sheared
via ultrasonication to an average fragment size of ~300 bp. Concen-
tration and fragment distribution of the sheared DNA were mea-
sured on a Fragment Analyser System 5200 (Agilent Technologies,
Santa Clara, CA, USA). Upon confirming optimal fragment size, a
barcoded DNA library was constructed for each sample using the
TruSeq DNA samples preparation kit (Illumina, San Diego, CA,
USA). The libraries were pooled equimolarly and sequenced as
paired end reads on an Illumina HiSeq X platform (Illumina, San
Diego, CA, USA) by Macrogen (Seoul, Republic of Korea).

Plastome assembly and annotation

After DNA sequencing, adapter sequences were trimmed from the
reads, and reads with low quality scores were removed from the read
set using Trimmomatic v.0.36 (Bolger et al., 2014). The resulting reads
were mapped to the five previously published plastomes of Nymphaea-
ceae generated by Gruenstaeudl et al. (2017) using script #5 of the
pipeline of Gruenstaeudl et al. (2018) to extract all plastome reads
and, subsequently, conduct genome assembly on plastome reads only.
After read extraction, complete plastomes were assembled de novo
with the software GetOrganelle v.1.6.4 (Jin et al., 2020). Recently,
Giorgashvili et al. (2022) tested the performance of different software
tools for plastome assembly under different coverage levels, and con-
cluded that GetOrganelle generated the most consistent and reliable
assemblies under a sequencing coverage of x 100 to x500. If this initial
assembly with GetOrganelle did not result in a complete plastome, we
conducted an additional de novo assembly using NOVOPlasty v.3.8.3
(Dierckxsens et al., 2017) and then compared and resolved the contigs
of both assembly tools visually in Geneious v.11.1.4 (Kearse
et al., 2012). We manually standardized the orientation of the
single-copy regions across all new plastid genomes to assist the auto-
mated extraction of coding regions across the plastid genomes. Upon
assembly, a visual examination of the resulting sequences was con-
ducted to identify segments of suboptimal assembly; any such seg-
ments were masked as question mark characters during alignment
adjustment to avoid spurious phylogenetic signal. For example, previ-
ously generated Sanger sequences of the AT-rich stem loop of the trnL
group I intron (Borsch et al., 2007) were used as template sequences to
identify segments of suboptimal assembly. A summary of these align-
ment adjustments is listed in Table S1. To annotate the new plastomes,
all protein-coding gene, tRNA and rRNA annotations of five previ-
ously published plastid genomes of Nymphaeaceae were transferred to
the new genomes using Geneious under a sequence similarity threshold
of 95%. Upon transfer, the annotations were visually inspected and,
where necessary, corrected regarding the presence of start and stop
codons and the absence of internal stop codons. Final plastome
sequences were deposited in GenBank and their accession numbers
listed in Table 1. The circular representation of the plastome of
N. immutabilis was generated with OGDRAW v.1.3.1 (Greiner
et al., 2019).

Combining plastomes into genome set

Before combining previously published and newly sequenced plas-
tomes into a single genome set, we compared and corrected the
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Species name, taxonomic authority, GenBank and NCBI SRA accession number, DNA isolate identifier, and herbarium voucher for each plastid

genome under study

Taxonomic GenBank NCBI SRA DNA isolate
authority accession accession identifier Herbarium voucher
Barclaya longifolia Wall. KY284156* n.a. n.a. Gartenherbar Cubr 49678 (B)
Barclaya rotundifolia Hotta MWO057721 PRINA665362 DB 40839 Gartenherbar Cubr 50705 (B) [Indonesia:
Wongso & Ipor s.n.]
Cabomba caroliniana A. Grey NC_ n.a. n.a. J.C. Ludwig s.n. (VPI)
031505*
Nuphar lutea (L.) Sm. MHI161175 PRINA648088 DB 40167 Gartenherbar Cubr 50790 (B)
Nuphar pumila (Timm) DC. MHI161176  PRINA643573 DB 40168 Gartenherbar 50791 (B)
Subgenus Anecphya (Casp.) Conard
Nymphaea immutabilis S.W.L. Jacobs MWO057732 PRINA662618 DB 40760 Gartenherbar Cubr 51902 (B) [Australia:
Jacobs s.n. BONN 19890]
Subgenus Brachyceras (Casp.) Conard
Nymphaea ampla (Salisb.) DC. KU189255* n.a. n.a. Gartenherbar Cubr 48929 (B)
Nymphaea cf. capensis Thunb. MWO057740  PRINA663178 DB 40834 Gartenherbar Cubr 51903 (B) [Botswana]
Nymphaea dimorpha I.M. Turner MWO057738  PRINA662385 DB 40735 Gartenherbar Cubr 51202 (B) [Madagscar:
Anonymous s.n.]
Nymphaea gracilis Zucc. MWO057734 PRINA662360 DB 40598 A. Novelo R., J.LH. Wiersema, C.B. Hellquist
& C.B. Horn 1314 (MEXU)
Nymphaea heudelotii Planch. MWO057733 PRINA664003 DB 40838 Gartenherbar Cubr 42572 (B) [Rwanda:
Fischer 3036]
Nymphaea thermarum Eb. Fisch. MWO057722  PRINA661718 DB 40234 Gartenherbar Cubr 51901 (B) [Rwanda: E.
Fischer s.n.]
Nymphaea x daubenyana ~ W.T. Baxter ex MWO057739 PRINA666060 DB 40165 Gartenherbar Cubr 36074 (B) from cultivated
Daubeny source
Subgenus Hydrocallis (Planch.) Conard
Nymphaea amazonum Mart. & Zucc. MWO057741  PRINA662994 DB 40833 Gartenherbar Cubr 51223 (B) [French-
Guayana: N. Koster 2896]
Nymphaea conardii Wiersema MWO057737  PRINA659339 DB 40191 A. Novelo R., J.H. Wiersema, C.B. Hellquist
& C.B. Horn 1306 (MEXU)
Nymphaea glandulifera Rodschied MWO057735 PRINA666444 DB 40758 Gartenherbar Cubr 51905 (B)
Nymphaea glandulifera Rodschied MWO057736  PRINA661714 DB 40559 C.N. Horn & J.H. Wiersema 4523 (US, BRG,
NBYC)
Nymphaea jamesoniana Planch. KT749898* n.a. n.a. T. Borsch & B. Summers 3218 (B)
Nymphaea lasiophylla Mart. & Zucc. MWO057731 PRINA662580 DB 40759 Gartenherbar Cubr 51265 (B) [Venezuela]
Nymphaea rudgeana G. Mey. MWO057725 PRINA662488 DB 40757 Gartenherbar Cubr 51214 (B) [Brazil:
Anonymous s.n.]
Nymphaea tenerinervia Casp. MWO057723  PRINA661560 DB 40309 C.N. Horn & J.H. Wiersema 11086 (US, BRG,
NBYC)
Subgenus Lotos (DC.) Conard
Nymphaea lotus L. MWO057729  PRINA666778 DB 40836 Gartenherbar Cubr 23866 (B) [Togo:
Anonymous s.n.]
Nymphaea lotus L. MWO057730 PRINA663224 DB 40835 Gartenherbar Cubr 38600 (B) [Ungarn:
Anonymous s.n.]
Subgenus Nymphaea
Nymphaea alba L. KU234277* n.a. n.a. T. Borsch (B) [Italy, Lake Iseo]
Nymphaea mexicana Zucc. MWO057727  PRINA660901 DB 40239 T. Borsch & B. Summers 3227 (B, VPI) same
population as NY069
Nymphaea odorata Aiton MWO057726  PRINA659634 DB 40211 T. Borsch & V. Wilde 3099 (B, VPI)
Victoria amazonica (Poepp.) J.C. Unknown** n.a. n.a. Te et al. 137 (Adelaide)
Sowerby
Victoria boliviana Magdalena & Unknown** n.a. n.a. Magdalena et al. 1 (USZ)
L.T. Sm.
Victoria cruziana A.D. Orb. KY001813* n.a. n.a. C. Loehne 55 (BONN)
Victoria cruziana A.D. Orb. Unknown** n.a. n.a. Sparre & Vervoorst 2363 (P)

Samples of Nymphaea are sorted by subgenus. Taxonomic authorities are provided in their abbreviated form following the abbreviation style
of the International Plant Names Index. Sequences were originally published in: *, Gruenstaeud! et al. (2017); **, Smith et al. (2022). Abbrevia-
tions used: n.a. = not applicable.
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sequence annotations of all previously published plastomes included
in this investigation. No annotation differences were detected among
any of the plastomes of Gruenstaeudl et al. (2017), but several were
detected among those of Smith et al. (2022). These annotation con-
flicts were resolved based on the inferences of the annotation service
GeSeq v.2.03 (Tillich et al., 2017). In preparation of sequence extrac-
tion and alignment, we bioinformatically removed the second of the
two IRs from each genome to avoid redundancy among
the extracted sequences.

Extraction and sequence alignment of coding regions

In order to generate sequence matrices of the coding plastome
regions, the protein-coding sections of all plastid genomes were bioin-
formatically extracted, grouped by gene name, and aligned based on
their amino acid sequence using a set of Python scripts
provisionally termed ‘“PlastomeBurstAndAlign” (https://github.
com/michaelgruenstacudl/PlastomeBurstAndAlign). Specifically, the
79 protein-coding genes found among all water-lily plastomes were
extracted, translated from nucleotides to amino acids, aligned with
MAFFT v.7.471 (Katoh and Standley, 2013) under its default algo-
rithm and parameter settings, and translated back to nucleotides
using PlastomeBurstAndAlign. The default algorithm and parameter
settings of MAFFT were found to be the best tradeoff between align-
ment accuracy and alignment speed in a preliminary analysis of this
investigation (data not shown). We found that neither the sequence
alignments generated by any of the iterative refinement algorithms of
MAFFT nor the alignments generated by its default progressive algo-
rithm accounted for complex microstructural mutations such as small
sequence inversions, whereas differences in parameterization rendered
the progressive algorithm often twice as fast as the iterative refine-
ment algorithms (see also Long et al., 2016). Alignments of the cod-
ing regions were conducted in a gene-wise fashion owing to the
advantage that any nucleotide insertion or deletion at the start or end
of a coding region cannot cause an overlap of adjacent genes upon
alignment. Likewise, alignments based on amino acids have the
advantage that any insertion or deletion will automatically constitute
a multiple of three and, thus, maintain the reading-frame (reviewed in
Gruenstaeudl et al., 2018). Of the 79 extracted protein-coding
regions, rpsl2 was removed from further analysis because this gene is
trans-spliced and contains discontinuous group II introns, which
increases the error risk during bioinformatic processing. The align-
ments of the remaining 78 protein-coding genes were inspected for
optimal positional homology and, where necessary, adjusted to
improve alignment as discussed below.

Extraction and sequence alignment of noncoding regions

In order to generate sequence matrices of the noncoding plastome
regions for phylogenetic inference, the intergenic spacers and introns
of the plastid genomes were bioinformatically extracted, grouped by
name, and aligned based on their nucleotide sequence using Plasto-
meBurstAndAlign. Specifically, a total of 110 intergenic spacers and
20 introns were extracted and aligned with MAFFT under default
settings. Of the 110 automatically extracted intergenic spacers, one
(ndhA-ndhH ) was removed from further analysis owing to its length
of only a single invariable nucleotide, whereas two (rp/20-rpsi2 and
rpsi12—clpP) were removed owing to their adjacency to gene rpsi2,
which is likely to enforce idiosyncratic mutational dynamics given its
discontinuous group II introns with complex secondary structures
(Glanz and Kueck, 2009). Of the 20 automatically extracted introns,
one (i.e. the intron of trnK-TTT) was removed from further analysis
because it is the terminal region in the assembly of the large
single-copy (LSC) in several of our samples and may, thus, exhibit
an artificial assembly-induced length variability. The alignments of

the remaining 107 intergenic spacers and 19 introns were inspected
for optimal positional homology and, where necessary, adjusted to
improve alignment as discussed below.

Manual adjustment of sequence alignments

All alignment inspections were conducted by eye and all alignment
adjustments by hand using PhyDE v.0.9971 (Miiller et al., 2010).
Both the inspections and the adjustments followed the alignment
improvement rules described in Lohne and Borsch (2005), which are
based on the observation that nucleotide substitutions and micro-
structural mutations do not typically occur at random but instead
are often linked to structural or functional constraints and, thus, fol-
low specific evolutionary mechanisms (Graham et al., 2000). For
example, structural or functional constraints of plastome evolution
can lead to a higher-than-expected frequency of short SSRs within
plastid genomes, which should be accounted for during sequence
alignment via a motif-based approach (Borsch and Quandt, 2009).
However, many contemporary software algorithms for MSA have
only a limited ability to identify conserved sequence motifs and to
model length mutational events or other microstructural mutations.
Small sequence inversions, for example, represent a particular chal-
lenge for most MSA software, as these inversions appear as a group
of adjacent nucleotide substitutions to the alignment software unless
manually re-inverted (e.g. Kim and Lee, 2005). Unadjusted sequence
alignments of such inversions would lead to an overestimation of the
implied amount of change between the sequences (Lohne and
Borsch, 2005).

The aim of our alignment adjustments was to improve the posi-
tional homology among the aligned nucleotide sequences by applying
motif-based adjustments on top of the automatic, software-driven
alignments, especially for genome regions prone to microstructural
mutations. For example, small sequence indels are length mutational
events that typically correlate with other microstructural mutations
(Kelchner, 2000; Morrison, 2006). Their exact alignment often
requires an adjustment after the initial software-driven alignment:
complete and uninterrupted indels need to be placed into the same
columns, whereas overlapping indels need to be re-positioned to
minimize the number of length mutational events (Lohne and
Borsch, 2005). The sequence motif approach of alignment adjust-
ment is, thus, predicated on hypothesized homologous sequence
motifs. It aims to preserve these motifs but also acknowledges the
occurrence of one or multiple overlapping length mutational events
or microstructural mutations. We applied this approach and evalu-
ated numerous cases of uncertain sequence alignments via visual
inspections, followed by the manual, motif-based adjustment of the
alignments wherever necessary. A summary of our full set of align-
ment adjustments is given in Table SI.

Several examples of our alignment adjustments are presented in
Fig. 1 to illustrate both the alignment challenges involved and the
solutions employed. Fig. la,c,d present examples of short- to
medium-sized SSRs that were not recognized as sequence motifs by
the alignment software and, thus, initially aligned with unrelated
nucleotides: an SSR of 24 bp length in Fig. la (sequence motif
“TTTCTACTTATACTACTAATATAA”), an SSR of 5 bp length
in Fig. Ic (“GTGAT”), and an SSR of 5 bp length in Fig. 1d
(“ATTATA”). The latter case is further complicated by the simulta-
neous presence of a preceding poly-T region in which the precise
homology of the individual thymine nucleotides across the sequences
cannot be readily determined, necessitating their exclusion from the
sequence matrix. Manual alignment adjustments were conducted to
improve the positional homology in each of these alignments. While
it is true that the adjusted alignments could have theoretically been
received through the application of specific gap penalties in the
alignment software, the required penalty values would have been
highly idiosyncratic per alignment, precluding the use of a global
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gap penalty. The alignment adjustment displayed in Fig. 1b, by com-
parison, prevents the inclusion of numerous presumably incorrect
SNPs between the in- and the outgroup, even though the total
amount of length mutational events remains constant. The alignment
adjustment displayed in Fig. le illustrates an unrecognized sequence
inversion that is present in a subset of the aligned sequences (i.e.
sequence motif “CCCCATCGG” in Barclaya longifolia KY284156,
Nymphaea alba KU234277, N. amazonum MWO057741, N. lasiophylla
MWO057731, N. lotus MWO057729 and MWO057730, N. mexicana
MWO057727, Victoria amazonica SmithEtA12022, V. boliviana
SmithEtA12022 and V. cruziana KY001813 and SmithEtAl12022) and
located in the centre of palindromic flanking sequences (i.e. “ACCT”
and “TGGA,” respectively). By adjusting the local alignment, the
inversion was inverted and re-integrated into the sequence matrix to
prevent an overestimation of the implied amount of change between
sequences; the inversion was additionally coded as a single muta-
tional step in the accompanying indel matrix and, thus, integrated
into the phylogeny reconstruction. Hypervariable sequence elements
whose positional homology remained uncertain despite our best
efforts in alignment adjustment (e.g. poly-A/T mini- and microsatel-
lites) were excluded from the sequence matrices to prevent the inclu-
sion of a false positive signal in the subsequent phylogeny
reconstructions (Borsch and Quandt, 2009).

Coding of insertions/deletions and concatenation to
phylogenetic matrix

In order to include the evolutionary signal of length mutational
events and other microstructural mutations in our phylogenetic ana-
lyses, all indels and all sequence inversions larger than 3 bp were
transliterated into presence—absence data. The indels were coded as
binary characters in both the software-aligned and the manually
adjusted alignments of the protein-coding genes, intergenic spacers
and introns using the simple indel-coding scheme of Simmons and
Ochoterena (2000) as implemented in 2matrix v.1.0 (Salinas and Lit-
tle, 2014). Moreover, a total of 12 sequence inversions larger than
3 bp were identified during the alignment inspections (Table S1),
coded as binary characters and added to the phylogenetic matrix.
Such a procedure had been recommended by Kelchner and Wen-
del (1996) to account for the high levels of homoplasy exhibited by
small sequence inversions in noncoding plastome regions. Conse-
quently, the concatenated matrix of the 203 individual alignments
represented a total of 145 609 characters before and 148 642 charac-
ters after indel coding and the addition of the sequence inversion
characters.

Calculation of alignment and homoplasy statistics

In order to assess the impact of the motif-based alignment adjust-
ments on alignment quality and the subsequent phylogenetic recon-
structions, we calculated seven different summary statistics for each
alignment before and after the alignment adjustments: (i) the length
of each alignment, (ii) the number of gapped sites in each alignment
(i.e. the number of sites that contain a gap in at least one of the
aligned sequences), (iii) the number of polymorphic sites in each
alignment (i.e. the number of sites that contain either a gap or a
nucleotide substitution in at least one of the aligned sequences), (iv)
the number of parsimony-informative sites (PIS) in each alignment,
and (v) the consistency index (CI; Kluge and Farris, 1969) of each
alignment, the rescaled consistency index (RC; Farris, 1989) of
each alignment, and the retention index (RC; Farris, 1989) of each
alignment. The last three statistics are homoplasy indices, and
neighbour-joining trees inferred directly from the alignments were
used for their calculation. All statistics were calculated in R (R
Development Core Team, 2021) using the R packages ape v.5.2
(Paradis and Schliep, 2018) and phangorn v.2.4.0 (Schliep, 2011).

Inference of best-fitting nucleotide substitution models

In order to assess the impact of the motif-based alignment adjust-
ments on the inference of best-fitting nucleotide substitution models,
we applied ModelTest-NG v.0.2.0 (Darriba et al., 2019) on each of the
203 plastome regions to infer the best-fitting nucleotide substitution
model before and after alignment adjustment. The Akaike information
criterion (AIC; Akaike, 1974) was used as the statistical criterion for
model selection, and models were considered distinct if they differed in
the presence or absence of one or more model parameters.

Phylogenetic reconstruction

Phylogenetic tree reconstruction was conducted under the maxi-
mum parsimony (MP), the maximum-likelihood (ML) and the Bayes-
ian inference (BI) criteria. Analyses via MP were conducted using
TNT v.1.6 (Goloboff and Morales, 2023) with 10 replicates held per
search step, the TBR branch-breaking algorithm, and 1000 equally
parsimonious trees retained during the entire search; branch support
under MP was calculated via 100 bootstrap (BS) replicates. Analyses
via ML were conducted using RAXML v.8.2.9 (Stamatakis, 2014)
under the thorough ML optimization option, with branch support cal-
culated via 100 BS replicates using the rapid BS algorithm (Stamatakis
et al., 2008). Analyses via BI were conducted with MrBayes v.3.2.5
(Ronquist and Huelsenbeck, 2003) under four parallel Markov chain
Monte Carlo (MCMC) runs for a total of 50 million generations, with
branch support given as posterior probability (PP) values. All BS
values >95% and all PP values >0.95 are termed “near-maximum sup-
port” in this study. For BI, the sampling of independent generations
and the convergence of the Markov chains were evaluated with Tracer
v.1.7.1 (Rambaut et al., 2018); the initial 50% of all MCMC trees were
discarded as burn-in, and the post-burn-in trees for each alignment
were summarized as a 50% majority-rule consensus tree. Under both
model-based inference criteria, the substitutions between nucleotide
characters were modelled via the GTR + G + I nucleotide substitution
model because the GTR model was found to be the best-fitting model
across the majority of the individual and combined plastid sequence
alignments under study. The substitutions within the presence/absence
matrix of coded indels were modelled via the F81-like binary substitu-
tion model with a gamma-shaped rate variation of Lewis (2001). The
plastome of Cabomba caroliniana was used as the outgroup in all phy-
logenetic reconstructions.

Evaluation of the impact of alignment adjustment and
indel coding on tree inference

In order to evaluate the impact of motif-based alignment adjust-
ments and the coding of indels on the results of phylogenetic tree infer-
ence, we tested the significance of the differences in the resulting tree
topologies using a statistical framework. Specifically, we compared the
likelihoods of competing tree topologies using the approximately unbi-
ased (AU) test (Shimodaira, 2002) as implemented in CONSEL v.0.20
(Shimodaira and Hasegawa, 2001) under a significance threshold of
o = 0.05. The competing phylogenetic tree topologies were those
inferred on the concatenated matrix of all coding and noncoding plas-
tome regions under ML, either with or without alignment adjustments
and either with or without the coding of indels. The nucleotide matrix
for the AU tests (and, thus, the null hypothesis of the tests) repre-
sented the matrix with neither alignment adjustments nor indel coding.
To better understand the importance of the AU test results for phylo-
genomic analysis, we also visualized the distribution of differences in
PIS across all 203 plastome regions for the same comparisons (i.e. with
and without the alignment adjustments, with and without coding of
indels, and with and without both factors) and subdivided the results
based on the statistical significance of the AU tests.
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ACITATAAAATCTCTT MCITACTTATACTACTACTATTAGT

A ACTA TATTA
ICITA CINEC A CIA C! - ATAGH

AacC TACTACTAATATARGE
T CITA CIATIA C A CITA AMVAITA A GIT
[T C A CITNA A C A CIIA AMIAMTA A G
A ACTACTA

AcH .
ACIHGIAAAARL
AC.G.AAAA.

2 ACIA CHIA. AR
[T C A CITINA MNA C A CITIA AMIAMA A G
T C A CININA A C A CIIA AMVAIIA A GIT

ACEGEAAAAM
ACHGMAAARL

2 ACIA CHIA. AR
[T C A CITINA MNA C A CITIA AMIAMA A G
T C A CIINA A C A CIIA AMVAMTIA A GITF
TR CITA CIMIA A C A CITA AMAITA A GIT
A ACTMACTA AR

ACHGIARARL
ACEGEAAART

T C A CINIA A C A CITIA AMVAITA A GITF
T CITA CIIA A C A CITA AMTAITA A GIT

A ACTACTA AR
R CITA CUIA A C A CIIA AMVAITA A GIT

ACHGMAAARL

ACEGEAAAAM cmc [T C A CITINA A C A CITIA AMVAMTA A GIT
ACH GEAAAAM- - - - - - CI\C/INTIC A CMFA A C A C A AMATA AT CITA CINIA MMA CITA CIUA AMAITA A GIT
A AAR 2 ACINACHA. A 2 ACIA CHIA. AR
ACHGEAAAAM- - - - - - CITC/VIMTIC A C NFA T A CINA C A AMTATA AN CITA C NP A A C A CITA AITAITA A GIT
A CHGIARAAM - - - - - - CIIC/ITIC A C AT A CA C A AMAT A AMVIECITA CINIA A CITA CIUA AMAITA A GIT

ARG c - —m-mo - - 2 ACIA CHIA.

A ARG 2 ACIACIIA. AR
ACHGMAAGAN T CIMA CIMNAMA C A CIIA AMAITA A G

I-\C.G.AAGA. T CITA CUMIA A C A CITIA AMVAITA A GITF

A ACIACIA. GR
I CITACTTATACTACTAATATGAGT
IR C A CIINA YA C A CPTA CIFAMTA GITF

A clAlAAAA-AAAAIAlc
IAIAAAAI ——————

Nuphar lutea MH161175 A ACHIA CHIAC A
Cabomba caroliniana NC031505 AC.A.AAAA. M C A C IR ITNA C A C - AWTA G
0.066262
(b)
before Nymphaea thermarum MW057722  IAINEC G AN GIEANEC AIMCACAN - - - - - IPANANEIANEA GING G
Nymphaea x daubenyana MW057739 INANNIIC G AN GIVANMEC AMC A& C &M - - - - - MENATANNEAINEA GIG Gl
Nymphaea heudelotii MW057733 A
Nymphaea lasiophylla MW057731 Al
Nymphaea glandulifera MW057736  INANNIIC G AR GIVANMEC AMC A C A - - - - - MNNAMATNNEAMEA GIG Gl
Barclaya longifolia KY284156 TADTCGARGTAMNTCAFCACAT - - - - -ITATATITATTA GIG Gl
ymphaea jamesoniana KT749895 Al
Nymphaea gracilis MW057, MNAMMTC GAM GIAMEC AIC A CAM - - - - -[MATATTTAMTA GIG Gl
Vet bolviana SmithEeA2022 [MAINIC G A GIAMTIC AIC A C AL - - - - ~[MTAMAMNNTATEA GG G
Nymphaea amazonum MW057741  EAMNEC G AN GVANNEC AMEC & C AT - - - - - MNNATN AN AMEA GIG Gl
Victoria cruziana SmithEtAI2022 GAl AMCACAI
‘Nymphaea cf capensis MW057740  INANNEC GAMN CEANICAMCACAN - - - - - INDADANNDANDA GIG Gl
Nymphaea glandulifera MW057735  IBAMNEC G AN GAVANMEC AMIC A C AT - - - - - MNNATN AN AR A GIG Gl
Nymphaea alba KU234277 GAl AMCACA
Victoria amazonica SmithEtAI2022  MEAMMIIC GAM! GINAMNIC ANMIC A C AN - - - ~ - 1AM AMVINE A VA G.G Gl
Nymphaea dimorpha MW057738  IBANNEC G AN GIEANNEC AMEC & C A - - - - - INNAMAMNINEAMNEA GG G
Nymphaea immutabilis MW057732  [EANNIC GA.G.A-CAIC ACAM- - - - ~[NTARATTTADTA GIG Gl
Nymphaea conardii MW057737 GAl ACA
Nymphaea tenerinervia MW057723  INATNIIC G AN GIAMEC AIC ACAM T ATATTTATTA GIG Gl
Nymphaea odorata MW057726 TADTCGATGTADEC A.C A c A-AIA-AIA-A-A GIG GI
Nymphaea mexicana MW057727 al
Nymphaea lotus MWOS7729 Gl -
Nuphar lutea MH161175 IA-CGAIGIA-CAICACAI MTATTA GIGGI
Nuphar pumila MH161176 IA-CGAIGIA-CAICACA. T AT A GIGGI
Barclaya rotundifolia MWO57721
Victoria cruziana KY001813
Nymphaea rudgeana MW057725  [BANNEC cam cmG Gl
Nymphaea lotus MW057730
Nymphaea ampla KU189255
Cabomba caroliniana NC031505
496311
Nymphaea immutabilis MW057732
after Nymphaea tenerinervia MW057723 INANNIC G AMIGHIA - - - - - ETATAMNDTATNTA G.G G.
Victoria cruziana KY001813 IWAMEC GAMGIEA - - - - -DTATATTTATTA GIG Gl
Nymphaea rudgeana MW057725 GAl -
Victoria amazonica SmithEtAI2022  INATNIC G AMIGIA - - - - - IR A A A G.G G.
Nymphaea thermarum MW057722  IEATIIC G AT GINA - - - - -DTATATTTATTA GIG Gl
Nymphaea lasiophylla MW057731
Nymphaea gracilis MW057734 Gl AMCACA
Barclaya rotundifolia MW057721  INATINIC G &G - ITHC AMCACAIR- - - - - ITATAMITATTA GIG Gl
Nymphaea conardii MW057737  INANNEC GAMGHA - - -IECAMCACAIR- - - - - IMVAMAITTAMITA GIGGI
Victoria cruziana SmithEtAI2022 Gl - A
Nymphaea amazonum MW057741  INATNIC G ATGINA - CAMCACAM- - - - - [MEAMAMTTATTA GIG Gl
Nymphaea X daubenyana MW057739 INAIMC G AMIGIA - - -IECAMCACAIR- - - - - IMVAMAINETAIEA GIG Gl
Nymphaea heudelotii MW057733 EN
Barclaya longifolia KY284156 Gl AMCACAI
Victoria boliviana SmithEt4l2022  MANMEC G AMIGHA - - -IMECAMCACAI- - - - - IMVAMAINETAITA GIG Gl
Nymphaea dimorpha MW057738  INATNEC G AT GIA - CAECACAIL- - - - - [T ATADTTATTA G.G Gl
Nymphaea glandulifera MW057735 A
Nymphaea glandulifera MW057736  IRANMEC G AMIGHA - IIEC AIC ACAR - - - - - IFAMAINTA A GIG Gl
Nymphaea cf capensis MW057740  INATNIC G AT GIA - IECAMCACALN - - - - - MTAMATNTAMTA GG G
Nymphaea jamesoniana KT749898  IEANNIC G AMIG A - IEEC AMC ACARR- - - - - IMMAMANNEA A GG G
Nymphaea alba KU234277 Gl - AMCACA GHGG
(-~ Nuphar pumiia MH161176 ITAIEC GAMGTA - - - — — ~IHCAMCACAM- - -~~~ -~~~ AT A GG Gl
Nuphar lutea MH161175 ANNNC G AMGEE - - - - - - EENCEMCACHM- - - - - - - - - - -| ITTAMTA GIG Gl
Nymphaea ampla KU189255 Ga - CAMICACAN - - - - - HNHA
|~ Nymphaea lotus MW057729 IWAMEC GAMGIEA - -AIA-A-A GIG Gl
Nymphaea lotus MW057730 IMAINNC GAMGMA - ANANDEAMNDA GHG G
Nymphaea odorata MW057726 IMAINDC GAMGIA - CAICAC A-AIA-AIA-A-A GGG
Nymphaea mexicana MW057727 Gl
Cabomba caroliniana NC031505  MNANNINC G AT G A
aons72

Fig. 1. Examples of motif-based alignment adjustments conducted in this investigation and their impact on phylogenetic tree inference. Dis-
played are sections of the DNA sequence alignments of (a) the gene ycfI (positions 42794341 of its unadjusted alignment), (b) the first
intron of gene clpP (positions 759-801 of its unadjusted alignment), (c) the intergenic spacer between genes atpH and atpl (positions 253—
287 of its unadjusted alignment), (d) the intergenic spacer between genes perd and psbJ (positions 40-90 of its unadjusted alignment), and
(e) the intergenic spacer between genes psbT and psbN (positions 17-62 of its unadjusted alignment) of the plastid genomes. For each
example, the status before (top) and after (bottom) the motif-based alignment adjustment is displayed. Each alignment is preceded by a
phylogenetic tree that was inferred through a partitioned ML analysis under the use of the GTR nucleotide substitution model and the

coding of indels.
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Fig. 1b. Continued

(c)

before
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Nymphaea amazonum MW057741  CCCAAMDEGA GINTARGAR - - - - - GIHlI G AN G AN ARSI
Nymphaea tenerinervia MW057723 'CCCAAMDEGA GITAAGAR - - - - - GIHl G AN G ANNA RSN
Victoria cruziana SmithEtAI2022 GAR----- Gl G AN GIAl

Nymphaea lotus MW057730 CCCAAMNNNGA GENAAGAA- - - - - GIHlI G AN G AMIARSNN
Nymphaea conardii MW057737 CCCAANNNNGA GENAAGAA- - - - - GIHlI G AN G AN ARSI
Victoria amazonica SmithEtAI2022 GAR----- GHlI G AN G Al

Victoria boliviana SmithEtAl2022  CCCAAMNPEGA GIEAAGAA - - - - - GIHlI G AN G AMNA RSN
Nymphaea jamesoniana KT749898 CCCAAMDPEGA GITAAGAR - - - - - GIHI G AN G AMIARSNN
Nymphaea lasiophylla MW057731  CCCAAMDEGA GITAAGAR - - - - - GIHlI G AN G AMIANSNN
Victoria cruziana KY001813 CCCAAMNNNGA GINAAGAA - - - - - GIHI G AN G AMIANSNN
Nymphaea lotus MW057729 GAR----- GHlI G AN G Al

Nymphaea glandulifera MW057735 CCCAAMDEGA GINTAAGAR - - - - - GIHlI G AN G AMIANSNN
Nymphaea immutabilis MW057732  CCCAAMNDPEGA G-AA GEE----- GIHlI G AN G AMNA NS
Nymphaea rudgeana MW057725 GAR----- GIHlI G A G Al

Nymphaea glandulifera MW057736  |CC CAAINNEGA G-AAGAA ————— Gl GANN G ANAMT
Nymphaea alba KU234277 CCCAAINNNGAGENNAAGAA----- Gl GANN G ANAMTE

Nymphaea mexicana MW057727 GEIGAMGA!

Nymphaea thermarum MW057722  CCCAAINNIGA GINIAA GA A GHIG AR GIE G A G AMANDT
Nymphaea cf capensis MWO057740  (C/C'CA ANNNEGA GINIAA GAA GII G AN GIGAIG AIA-
Nymphaea dimorpha MW057738
Nymphaea ampla KU189255 CCCAATTTGAGTTAAGAAGTGAT GIGAIG AIA-
Nymphaea gracilis MW057734 CCCAATTTGAGTTAAGAAGTGATGTGATGATATTT
Nymphaea x daubenyana MW057739 C.C CA AN G A GINEA A GA A GHIG AR GIE G A G AMANDT
Nymphaea heudelotii MW057733  CCCAANNNNGA GINIAA GAA GIGAM GIGAIG AIA-
Nymphaea odorata MW057726 CCCAAMIITA G
Barclaya rotundifolia MW057721  CCINAAMMNEGAG -
Nuphar pumila MH161176 c CIAA-G AG-
Nuphar lutea MH161175
Barclaya longifolia KY284156 c CIAA-G AG-

AAG.GA.GA.A-
AA Gl G AN G AMA NN
AAG Al A

AA Gl G AN G AMAMNN

Cabomba caroliniana NC031505 (€ CIHIA AMMNINDA G - AAGTGATGATATTT
Nymphaea jamesoniana KT749898 |C/C/C/ A ANNINE G A G-A BGEA----- GG AMG A AT
Nymphaea tenerinervia MW057723 €/CC ARl AGAA----- GEGAMGA
Victoria amazonica SmithEtAI2022  [C.C C A AMNIIG A G-A AGEA----- GG AMG AN AT
Victoria cruziana KY001813 CCCAAMDIGA GIMAAGAA - - - - - GG AMIG A AT
Victoria cruziana SmithEtAl2022 (€ CCAA AGAA----- GEGAMGA
Nymphaea immutabilis MW057732  |C'C.CI NN G A GINMIAR GEA - - - - - GG AMG A AT
Nymphaea lotus MW057730 CCCAAMNDTGA GIMMAAGAA - - - - - GG AMG A AT
Victoria boliviana SmithEtAI2022 (€ CCAA AGAA----- GEGAMGA
Nymphaea alba KU234277 CCCAAMDIGA GIMNAAGAA - - - - - GG AMG A AT
Nymphaea mexicana MW057727  |C'CCEAININEGA GIMIAR GEA - - - - - GG AMG A AT
Nymphaea amazonum MW057741  |C'CCR AN GA GINMIAR GEA - - - - - GINGAMG AMAMMN
Nymphaea lasiophylla MW057731  |C'C.CRAMNNEGA GINMIAR GEA - - - - - GIGAMG AMAMTN
Nymphaea conardii MW057737 CCCAAMDIGA GIMARGAA - - - - - GG AMG A AT
Nymphaea glandulifera MW057735 |C'C'CIANNINEGA GINMIAR GEA - - - - - GINGAG AMAMTN
Nymphaea glandulifera MW057736 |CCCAAMNMNENGA GINIAAGARA - - - - - G GANNG AINAMNN
Nymphaea lotus MW057729 CCCAA GIGAMGA
Nymphaea rudgeana MW057725 ~ (CCCAAMNMNGA GIIAAGARA - - - - - G GANNG AINAMINN

Nymphaea odorata MW057726 CCCAAMNNNTAGIMTAAGAA--- - - G GANNG AINA M
Nymphaea cf capensis MW057740 |CCCAAMNINGAG l AMGA
Nymphaea thermarum MW057722 CAANNNGA GENNAA GAR GHIGANGEIGANGANAMNNE
Nymphaea x daubenyana MW05773(C'C C A AN G A GINTAA GAA G.GA.G.GA.GA.A-
Nymphaea dimorpha MW057738

Nymphaea ampla KU189255 CCCAAMTTGAGITAAGAA G.GA.G.GA.GA.A-
Nymphaea gracilis MW057734 CCCAAMTTGAGITAAGAAGEGAMGEG A.GA.A-
Nymphaea heudelotii MW057733 AGETAAGAAGHGARGEGA

Barclaya longifolia KY284156 CCINAAMNNNGAG - G.GA.GA.A-

G GANNG AINAMNN
G GANNG AINA NN
G GANNG AINA NN
GEGAMGA

Barclaya rotundifolia MW057721
Nuphar pumila MH161176
Nuphar lutea MH161175

5.58072

(d)

before

—
0.123416
after

—

Cabomba NC031505

Nymphaea cf capensis MW057740 AR GCHEG A AMSNIITEININIT G -
Nymphaea x daubenyana MW057739 B A G G A AT G -
Nymphaea heudelotii MW057733 AR GCINGAAMNNITITIINTITG -
Nymphaea dimorpha MW057738 AR GCINGAAMNNITITNNTITG -

Nymphaea thermarum MW057722 ARG G A AT G -
Nymphaea gracilis MW057734 AR GCINGA AT G -
Nymphaea immutabilis MW057732 AR GCHEG A AN G -
Nymphaea ampla KU189255 ARG GA AMNTNTNTNININENT G -

Nymphaea odorata MW057726 AAGCITGAADTITTTTTT -
Nymphaea mexicana MW057727 AAGCHEG AA_ GAmC G c AA-AIC G -
Victoria cruziana SmithEtAI2022  AAGCMGAR:

Victoria boliviana SmithEtAI2022 ARAGCHIGA AN -
Victoria cruziana KY001813 ARAGCHIGA AMNUITNIINT -
Victoria amazonica SmithEtAI2022 A G CHI G A AMNINIITNENINEN ~
Nymphaea conardii MW057737 AAGCITGAADDTTTIT -
Nymphaea glandulifera MW057736 BA G GAATTTTTTT -
Nymphaea lasiophylla MW057731  AA G CHIG A AN -
Nymphaea amazonum MWO057741  AA G CHll G A AMMETEINININT -
Nymphaea rudgeana MW057725 AAG GAATTTTTIT -
Nymphaea glandulifera MW057735 &K G CHll G A AMMETETNDNINT -
Nymphaea tenerinervia MW057723 AA G CHll G A AMMETEINININT -
Nymphaea jamesoniana KT749898 ARG GAADTTTTIT -
Nymphaea lotus MW057730 AAGCINTAATTTTTT -
Nymphaea lotus MW057729
Nymphaea alba KU234277
Barclaya rotundifolia MW057721 AA GCINGA AT G IE
Nuphar lutea MH161175 AA GCHINGA AT G Ip
Barclaya longifolia KY284156 AA GCINGA AN G Ip
Nuphar pumila MH161176 AA GCINGA AN CIND G mp
Cabomba caroliniana NC031505 AAGC G GAAMITINIT G

Nymphaea thermarum MW057722 A GCHGAAM - - - - - - - - -
Victoria cruziana SmithEtAI2022 AAGCHGAAM
Nymphaea heudelotii MW057733 B GCHIGARM
Barclaya rotundifolia MW057721 A GCHIGARM
Nymphaea glandulifera MW057735
Nymphaea jamesoniana KT749898
Nymphaea tenerinervia MW057723
Nymphaea gracilis MW057734
Nuphar pumila MH161176
Nymphaea dimorpha MW057738
Nymphaea amazonum MW057741
Nymphaea glandulifera MW057736
Nymphaea x daubenyana MW057739 BA G
Nymphaea odorata MWO057726
Nymphaea lasiophylla MW057731
Nymphaea rudgeana MWO057725
Nymphaea conardii MW057737
Nuphar lutea MH161175

Victoria boliviana SmithEtAI2022
Nymphaea cf capensis MW057740
Victoria amazonica SmithEtAI2022
Victoria cruziana KY001813
Barclaya longifolia KY284156
Nymphaea mexicana MW057727
Nymphaea immutabilis MW057732
Nymphaea ampla KU189255
Nymphaea lotus MWO057730
Nymphaea lotus MWO057729
Nymphaea alba KU234277

~CGCAAMNEA -CA -
7CGCAA-A.CA7

ARGCGGAAM

—
5.18858

Cabomba NC031505

-C A AMTANA - IEAD

-C A AMTANA -
- CAAMNTAINA

Al
- ETAm

- mmAm
- AW

-CAAMTAINA

- mmAm
- CAAMTAMNA - AT

- CAAMTANA - AT

- CAAMTAMNA - IEAD

- CAAMTANA - IEAD
- CAAMTANA - AN

o
-CAAMTANA - IIAC
-CAAMTANA - IIAC

- mmAm

- MEAD
s |
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before Nymphaea ampla KU189255 TGGAAARGAIMGACCCHICCHICAIMCGGAGGGH - - - -CAMCAIMNICCA
Nymphaea immutabilis MW057732 IEEGAAAMGAMGACCCHICCIICAMCGGAGGGM - - - - CANCAINIENCAA
Nymphaea lotus MW057729 TIIGAAAMNGAGACCCHICCCCAMCGGAGGGIHCAMCCAMCAMTICAA
Nymphaea lotus MW057730 TIIGAAANGAGACCCHICCCCAMCGGAGGGCAMCCAMCAMTICAA
Victoria cruziana KY001813 ---AAAMGAMIGACCCIHCCCCAECGGAGGGIE----CANCAMITICAA
Victoria boliviana SmithEtAI2022 - --AAAEGAMIGACCCIICCCCAECGGAGGGHE -~ CACAITTTCAA
Nymphaea mexicana MW057727 NI GAAAMGAMGACCCHICCCCAMCGGAGGGH - CAMCAMTTECAA
Nymphaea amazonum MW057741  INIIGAAAIMGAIMGACCCIICCCCAMCGGAGGGIE - CAMCAMTTCAA
Nymphaea alba KU234277 TTGAAAMGAMGACCCHICCCCAMCGGAGGGH -CACATTTCAA
Victoria amazonica SmithEtAI2022 [IMEGAAAMGAMGACCCIICCCCAMCGGAGGGHH -CATCATTTCAA
Nymphaea lasiophylla MW057731 MEGAAAMGAMGACCCHICCCCAMCGGAGGGH -CA[ICATTTCAA
Victoria cruziana SmithEtAI2022 ---AAAMGAMGACCCIHICCCCAMCGGAGGGH -CA[CAITTCAA
Barclaya longifolia KY284156 MIGAAARGANGACCCHICCCIAMTGGAGGGH - CAHCAENNNCAG
Nuphar lutea MH161175 TNGAAAMGAMGACCCHICCCAAMAGGGAGGG -ECACCAENNNCAG
Nuphar pumila MH161176 TITIGAAAMGAMGACCCHICCCAAMAGGGAGGG -ECACCAENNCAG
ph. Mw057736 [IEGAAAMGAIMGACCCIE-CCGAIIGGGGAGGG -ECANCANNNNCAA
Nymphaea rudgeana MW057725 TTIGAAAMGAIGACCCHI-CCGAGGGGAGGG ~ECAMCAMNICAA
Nymphaea tenerinervia MW057723 [INEGAAAMGAMGACCCII-CCGAMGGGGAGGG —[TICATCAMTTCAA
Nymphaea conardii MW057737 TTIGAAANGAIRGACCCH-CCGAREGGGGAGGG - - -MCAMCAMMIECAA
phe i MWO057735 [EEGAAAMGAMGACCCHI-CCGAMGGGGAGGG - - -[CAMCAMNIIECAA
phe ji i KT749898 [MEGAAAMGAMGACCCHI-CCGAIMGGGGAGGG -MCAMMCAMTTCAA
Nymphaea odorata MW057726 NI GAAAMGAMGACCCHI-CCGAMGGGGAGGG -[@CAMMCAMTTCAA
Nymphaea cf capensis MW057740 [IEGAAAMGAMGACCCI-CCGAMGAGGAGGG —ECAMCAMMNCARA
Nymphaea dimorpha MW057738 TTGAAAMGAMGACCCH-CCGAMGAGGAGGG - - -[MCAMCAMMIECAA
Nymphaea thermarum MW057722 [IEGAAAMGAMGACCCI-CCGAMGAGGAGGG---ICANCAMNTTICAA
Nymphaea heudelotii MW057733 MIGAAAMGAMGACCCH-CCGAMGAGGAGGG -ECANCAINNNCAA
Nymphaea gracilis MW057734 MTIGAAAMGAMGACCCH-CCGAMGAGGAGGG -ECANCAEENNCAA
Nymphaea x daubenyana MW057739 IIMEIGAAAMGAMGACCCI-CCGAMMGAGGAGGG -ECANCANNCAA
Barclaya rotundifolia MW057721 TNGAAARGAIGACCCHI-CCAAMAGGGAGGG - - -MCAMCAIMMICAG
Cabomba caroliniana NC031505 TTIGAAARGAIGACCCHICCCAMTGGGGAGGG - - -MCAMCAIMNMICAG
—
0152281 Nymphaea jamesoniana KT749898 [IMEGAAAMNGAIMGACCCI-CCGANGGGGAGGGICANC ----AMMTCAA
after Nymphaea lasiophylla MW057731 T GAAAMGAMGACCCH-CCGAMGGGGAGGGICAMC - - - -AINMTCAA
Nymphaea odorata MW057726 T GAAAMGAMGACCCH-CCGAMGGGGAGGGICAMC - - - -AINNTCAA
Nymphaea tenerinervia MW057723 EIGAAAMNGAMGACCCIN-CCGAMNGGGGAGGGMCAMC - -AITTICAA
Nymphaea mexicana MW057727 TTGAAAMGAIRGACCCH-CCGAMGGGGAGGGHCAmC - -AMTTCAA
Victoria amazonica SmithEtAI2022 [INIGAAAMGAMGACCCI-CCGAMGGGGAGGGMCAIC —- -ATTCAA
Nymphaea rudgeana MW057725 TTGAAAMGARGACCCH-CCGAMGGGGAGGGICAMC - - - -AINITCAA
Nymphaea alba KU234277 TTGAAAMGARGACCCH-CCGAMGGGGAGGGHECAMC - - - -AIITCAA
Nymphaea conardii MW057737 ITGAAAMGARGACCCH-CCGAMGGGGAGGGHECAMC - -~AITTCAA
Nymphaea amazonum MW057741 TNGAAAMGAMGACCCH-CCGAMGGGGAGGGMCAMmC - -AMTTCAA
ifera MW057736 EEGAAAMGAMGACCCH-CCGAMNGGGGAGGGICAINC - -A@TTECAA
Mwo57735 EEGAAAMGAMGACCCHE-CCGAMGGGGAGGGHCAMC - - - -AIMWTCAA
Victoria cruziana KY001813 ---AAAMNGAMGACCCH-CCGAMGGGGAGGGCAIC - - - -AIMWTCAA
f Victoria boliviana SmithEtAI2022 ---AAAMNGAMGACCCH-CCGAMGGGGAGGGHCAIC - -ADTTCAA
Victoria cruziana SmithEtAI2022 ---AAAMNGAMGACCCH-CCGAMGGGGAGGGHCAIC - -ADTTCAA
Nymphaea gracilis MW057734 T GAAAMGAIMRNGACCCH-CCGAMGAGGAGGGCAmC - -AEEEICARA
Nymphaea x daubenyana MW057739 IIMIGAAAMGAMGACCCI-CCGAMGAGGAGGGICAMC — -AMTTCAA
Nymphaea heudelotii MW057733 ITGAAAMGAIRGACCCH-CCGAMGAGGAGGGIECAmC - -AMTTCAA
Nymphaea immutabilis MW057732 INIGAAAMGAMGACCCI-CCGAMGAGGAGGGICAIIC - -ATITCAA
Nymphaea cf capensis MW057740 INIGAAAMGAMNGACCCHI-CCGAMGAGGAGGGMCAMC - -AMTTCAA
Nymphaea thermarum MW057722 [T GAAAMGAMGACCCII-CCGAMGAGGAGGGICAIMC - -AINTITCAA
Nymphaea dimorpha MW057738 TTGAAAMGAIRGACCCH-CCGAMGAGGAGGGHECAMmC - —~AINTTCAA
Nymphaea ampla KU189255 TGGAAAMGARGACCCH-CCGAMGAGGAGGGHECAMC - - - -AIITCCA
_[ Nymphaea lotus MW057730 TTNGAAAMNGAMGACCCIH-CCGAMIGGGGAGGGMCAMCCAMCAMMICAA
Nymphaea lotus MW057729 T GAAAMNGAMGACCCH-CCGAMGGGGAGGGECAMCCAMCAMMICAA
Nuphar pumila MH161176 TN GAAANGAMGACCCIICCCAAIMAGGGAGGGCACC - - - -AMWTCAG
Nuphar lutea MH161175 TTGAAAMGAMGACCCIHICCCAAMAGGGAGGGHECACC - -AMTTCAG
Barclaya rotundifolia MW057721 ITGAAAMGAMGACCCH-CCAAMAGGGAGGGHECAmC - -A@TTCAG
Barclaya longifolia KY284156 T GAAAMGAIMGACCCH-CCAAMAGGGAGGGHECAmC - -AMMNICAG
Cabomba caroliniana NC031505 T GAAAMGAMGACCCHICCCAIMTNGGGGAGGGCAMC - - - -AINMTCAG
—
0.0432441

Fig. 1. Continued

Ancestral character state reconstructions of sequence
inversions

A total of 12 sequence inversions larger than 3 bp were identified
across the analysed plastid genomes (Table S1). Next to reverse-
complementing and then re-integrating these inversions into the align-
ments as part of our alignment adjustments, we also encoded them as
presence—absence data into the phylogenetic matrix (see above) and
assessed if their occurrence matched any of the speciation events
implied by our resulting phylogeny. Specifically, we inferred the ances-
tral character states of each of these sequence inversions using the mar-
ginal ancestral state estimation method of Yang et al. (1995) on the
phylogenetic tree with the best likelihood score as reconstructed from
the concatenation of the adjusted alignments.

Results
Genome structure and gene content

All newly generated plastomes exhibited the typical
quadripartite genome structure of land plants

(Mower and Vickrey, 2018): they comprised one
LSC and one small single-copy (SSC) region, sepa-
rated by two identical inverted repeats (IRs). The
total length of the newly generated genomes varied
between 160 043 bp (Nuphar lutea) and 158 288 bp
(Nymphaea tenerinervia), with similar length varia-
tions across the four regions of the plastid genome.
Gene content was found to be highly conserved: all
newly generated genomes exhibited a total of 79 dif-
ferent protein-coding genes (eight duplicated in the
IR), 30 tRNA genes (seven duplicated in the IR),
and four rRNA genes (all duplicated in the IR).
Ten of the coding regions contained one (atpF,
ndhA, ndhB, petB, petD, rpl2, rpoCl and rpsl6) or
two (clpP and ycf3) introns across all samples. The
plastid genomes of N. thermarum and N. heudelotii
were found to be identical in both length and
sequence. Nymphaea immutabilis (MWO057732) exhib-
ited the longest plastome sequence of the core Nym-
phaeaceae, and a circular representation of this
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Fig. 2. Circular representation of the plastid genome of Nymphaea immutabilis (MW057732). Genes displayed on the outside of the outer circle
have a clockwise transcription, those on the inside a counter-clockwise transcription. The inner circle displays the boundaries of the LSC, SSC

and IR regions, as well as the GC content across the genome.

plastome is displayed pars pro toto for the plastomes
of the other taxa (Fig. 2). The concatenation of all
203 coding and noncoding plastome regions resulted
in a dataset of 2996 PIS before and 2851 PIS after
alignment adjustment, with the proportion of gaps
or undetermined characters <1% in either case.

Effect of alignment adjustment on alignment and
homoplasy statistics

The motif-based adjustments of the individual DNA
sequence alignments were found to have a considerable
effect on most of the alignment summary statistics: on
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Fig. 3. Distributions of the differences before and after alignment adjustment in (a) alignment summary and (b) homoplasy statistics calculated
across all 203 plastome regions under study. The distributions are visualized as horizontal boxplots; outlier values are not displayed. Autom.,
automatically generated alignment (i.e. before alignment adjustment); Adjust., after alignment adjustment; PIS, parsimony-informative sites.

average, the alignment adjustments resulted in lower
homoplasy levels as well as lower summary statistic
values across most of the plastome loci under study
(Fig. 3). Specifically, alignment length, the number of
gapped sites per alignment, the number of polymor-
phic sites per alignment and the number of PIS per
alignment were, on average, each found to be lower
after than before the alignment adjustments (Fig. 3a).
By comparison, each of the homoplasy statistics was,
on average, found to be higher after than before the
alignment adjustments. Because homoplasy statistics
are negatively correlated with the level of homoplasy
in an alignment, an increase in the homoplasy statistic
represents a reduction in the actual homoplasy level
(Fig. 3b). Specifically, our alignment adjustments con-
sistently reduced the level of homoplasy in the
sequence matrices, even if it occasionally also reduced
the number of PIS per alignment. Each of the 203
individual alignments as well as all concatenated align-
ments, both before and after alignment adjustment
and both with and without the coded indel characters,
are available on Zenodo at https://doi.org/10.
5281/zenodo.7860937.

Effect of alignment adjustment on the inference of
nucleotide substitution models

Our motif-based alignment adjustments were found
to have a largely idiosyncratic impact on the inference
of best-fitting nucleotide substitution models. We
found that only three coding regions (i.e. 4% of them),
but 31 intergenic spacer regions (29% of them) and
four introns (21% of them) exhibited different best-
fitting nucleotide substitution models before and after
alignment  adjustment (Tables S2-S4).  These

differences primarily reflected the presence or absence
of auxiliary model parameters (i.e. the gamma-
distributed rate variation among sites and the number
of invariant sites) rather than a difference in the actual
number of substitution rates. Moreover, the set of
plastome regions exhibiting different best-fitting nucle-
otide substitution models before and after alignment
adjustment did not match the set of regions with
reduced levels of homoplasy or with significantly dif-
ferent tree topologies before and after alignment
adjustment. Additionally, differences in log-likelihoods
of model fit before and after alignment adjustment did
not coincide with differences in best-fitting substitution
models, indicating that our motif-based alignment
adjustments were only one of multiple factors affecting
the inference of best-fitting nucleotide substitution
models.

Effect of alignment adjustment and indel coding on tree
inference

In order to evaluate if motif-based alignment adjust-
ment influences not only alignment summary and
homoplasy statistics but also phylogenetic tree infer-
ence, we tested the significance in the difference of phy-
logenetic tree topologies reconstructed under ML using
the AU test. The same test was also employed to assess
the effect of indel coding on phylogenetic tree inference.
Significant differences in the phylogenetic reconstruc-
tions were detected as a result of alignment adjustments
(Table 2): we found that the topologies of the best ML
trees inferred before and after the alignment adjust-
ments were significantly different, but that this was only
the case when the indels remained uncoded. Conversely,
the topologies of the best ML trees inferred with and
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Table 2
Statistical comparison of competing phylogenetic tree topologies as
inferred through AU tests on the concatenated plastome matrix

Visualization AU test P-
Constraint of topology value
Before alignment adjustment, Fig. Sa 0.095
WOC (positive control)
After alignment adjustment, Fig. 5b 0.002*
WOC
Before alignment adjustment, Fig. 6a 0.896
SIC
After alignment adjustment, SIC  Fig. 6b 0.093

The topological constraints represent the topologies of the best
ML trees inferred with or without alignment adjustments and with
or without the coding of indels. Significant P-values are indicated by
an asterisk.

without indel encodings were not significantly different
unless alignment adjustments were present. In summary,
phylogenetic trees inferred from complete plastome
sequence data showed significant differences in their
topology regarding the application of motif-based align-
ment adjustments, but only in the absence of indel
encodings. This finding indicates that the coding of
indels may have an equally large effect on phylogenetic
signal as the alignment adjustments.

A somewhat different pattern of significant differ-
ences between tree topologies was detected when the
aligned genes, intergenic spacers and introns were eval-
uated individually (Tables S5-S7): depending on the
plastome region under study, we found significant dif-
ferences in tree topology when comparing alignment

(a)

adjustment, indel coding and both factors combined.
For example, multiple significant AU tests were
recorded (i.e. for nine genes, 21 intergenic spacers and
five introns) when the compared topologies differed
owing to the presence or absence of alignment adjust-
ments and the indels were coded.

In order to better understand the effect of motif-
based alignment adjustment and indel coding on the
observed differences in tree topology, we visualized
the differences in PIS for the same comparisons as eval-
uated by the AU tests and then subdivided the distribu-
tions by AU test outcome. The resulting distributions
showed that the differences in PIS were similar between
genomic regions with significant AU test outcome and
those without (Fig. 4). Although the difference distri-
butions illustrating the effect of indel coding (Fig. 4a)
or alignment adjustment (Fig. 4b) on tree topology
were similar across AU test outcomes, the distribution
illustrating the effect of both factors combined was not
(Fig. 4c): the combined comparison indicated a stron-
ger variation in the number of PIS among plastome
regions with significant AU test outcome than those
without. A significant AU test outcome for individual
genome regions is, thus, likely to be the result of a
change in the phylogenetic signal caused by both fac-
tors simultaneously (i.e. alignment adjustment and
indel coding) than by one factor alone.

Phylogenetic relationships

Our phylogenetic reconstructions resulted in highly
resolved phylogenetic trees with high levels of node

AU tests sig. e oo e .4|:|:|

0 25 50 75 100

APIS (Autom.WOC - Autom.SIC)

[Jeoe o woo e .
[Joee ae o & .

25 50 75 100

APIS (Autom.WOC - Adjust. WOC)

AU tests n.s. o
-100 -75 -50 -25
(b)
AU tests sig.
AU tests n.s.
-100 -75 -50 -25
()
AU tests sig. . ° oooe
AU tests n.s. o
-100 -75 -50 -25

0 25 50 75 100

APIS (Autom.WOC - Adjust.SIC)

Fig. 4. Distributions of the differences before and after alignment adjustment in parsimony-informative sites between (a) the automatically gen-
erated sequence alignments either with (“SIC”) or without (“WOC”) indel coding, (b) the automatically generated and the adjusted sequence
alignments, both without indel coding, and (c) the automatically generated and the adjusted sequence alignments, with only the latter containing
indel encodings. Each difference distribution is subdivided into cases with significant AU test outcomes (“sig.”) and those without (“n.s.”). All
distributions are visualized as horizontal boxplots. Abbreviations are as in Fig. 3.
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Fig. 5. Phylogenetic relationships of Nymphaeaceae inferred under ML on the concatenated data set of all coding and noncoding plastome
regions when indels are uncoded. The trees displayed represent those with the best likelihood score inferred either (a) before or (b) after motif-
based alignment adjustment and are visualized as cladograms with statistical node support (left) and corresponding phylograms with exact
branch lengths (right). Bootstrap support >50% is given above the branches of each cladogram. All trees were rooted using Cabomba caroliniana

as outgroup.

support for almost all clades. The reconstructions
under ML, for example, inferred relationships among
the core Nymphaeaceae that were highly congruent
with previous molecular phylogenetic studies and
exhibited high bootstrap support for almost every
node, irrespective of alignment adjustment or indel
coding (Figs 5 and 6). Each of the five subgenera of
Nymphaea was recovered as monophyletic with maxi-
mum BS support. The inferences of subgenus Nym-
phaea as sister to the other subgenera of Nymphaea,

the sister relationship between subgenera Brachyceras
and Anecphya, and the sister relationship between sub-
genera Hydrocallis and Lotos were also received with
maximum support. Likewise, the clade formed by sub-
genera Brachyceras and Anecphya as sister to the clade
that comprises subgenera Hydrocallis and Lotos as
well as genus Victoria was fully supported. Only the
sister relationship between Victoria and subgenera
Hydrocallis and Lotos was supported by less than full
support, depending on alignment adjustments and the
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Fig. 6. Phylogenetic relationships of Nymphaeaceae inferred under ML on the concatenated data set of all coding and noncoding plastome
regions when indels are coded. The trees displayed represent those with the best likelihood score inferred either (a) before or (b) after motif-
based alignment adjustment and are visualized as cladograms with statistical node support (left) and corresponding phylograms with exact
branch lengths (right). All settings are identical to the ML tree inference without the coding of indels (Fig. 5).

coding of indels: the relationship was supported by BS
83% without adjustments and without indel coding
(Fig. 5a), by BS 92% with adjustments but without
indel coding (Fig. 5b), by BS 83% without adjust-
ments but with indel coding (Fig. 6a), and by BS 95%
with both adjustments and indel coding (Fig. 6b). The
only difference in the phylogenetic reconstructions per-
taining to alignment adjustment was found in the rela-
tionships among the species of subgenera Brachyceras:
the reconstruction with alignment adjustment but
without indel coding (Fig. 5b) did not support a sister

relationship between Nymphaea cf. capensis and Nym-
phaea x daubenyana, whereas all other reconstructions
did (Figs S5a and 6).

The phylogenetic reconstructions under MP and BI
mirrored those conducted under ML. The relationships
retrieved between the five subgenera of Nymphaea
were identical to those inferred via ML and typically
exhibited maximum BS or PP support (Figs S1-S4).
The inferred 50% majority-rule consensus trees dif-
fered in their topology regarding only one relationship:
a sister relationship between Nymphaea cf. capensis
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and Nymphaea x daubenyana among the species of
subgenera Brachyceras was either not supported (i.c.
when alignments were adjusted and indels were coded;
Fig. S1B) or not resolved (Fig. S4B), whereas all other
MP and BI reconstructions did support this relation-
ship (Figs Sla, S2, S3 and S4A).

Ancestral character state reconstructions of selected
sequence inversions

The reconstruction of the ancestral character states
of the 12 plastome sequence inversions indicated that
only a few were synapomorphies for lineages within
Nymphaeaceae (Fig. 7). For example, inversion 1 is a
synapomorphy of the core Nymphaeaceae plus Bar-
claya, whereas inversions 9 and 11 are synapomorphies
of the three species of Victoria. Inversion 11 was found
within gene atpE, whereas most other inversions (i.e.,
ten of 12) were found within intergenic spacers. The
level of homoplasy differed among the inversions:
character state changes were most often observed in
the psbT—psbN spacer (inversion 6) and the trnH-psbA
spacer (inversion 10), with both spacers exhibiting
multiple gains and losses of the inversions.

Discussion

Phylogenetic relationships among the core
Nymphaeaceae

Our phylogenetic reconstructions recovered multiple
strongly supported relationships among the core Nym-
phaeaceae (Figs 5, 6 and S1-S4), of which at least four
are congruent with the results of previous investiga-
tions. First, our results are congruent with the obser-
vation by Borsch et al. (2007) that the core
Nymphaeaceae exhibit four distinct clades: one clade
formed by Euryale and Victoria, and three clades
formed by the different subgenera of Nymphaea. The
clades formed by Nymphaea are a clade of the autony-
mic subgenus (i.e. subgenus Nymphaea), a clade com-
prising subgenera Anecphya and Brachyceras, and a
clade comprising subgenera Hydrocallis and Lotos.
Second, our results corroborate the position of the
temperate subgenus Nymphaea as the earliest-diverging
lineage in the core Nymphaeaceae (BS 100/PP 1.0
across all analyses). This position had initially been
reported by Lohne et al. (2007) with moderate support
in their analysis of a matrix of eight noncoding plastid
regions plus matK. By comparison, Borsch
et al. (2007) recovered a topology inconsistent with
these results, where the FEuryale—Victoria clade was
resolved as sister to a poorly supported monophyletic
genus Nymphaea, with subgenus Nymphaea recovered
as the first diverging branch of that linecage. A similar

phylogenetic position of subgenus Nymphaea was
recovered by nrITS sequence data and a parsimony
analysis of a matrix of 62 morphological and anatomi-
cal characters (Borsch et al., 2008). Third, our results
confirm the sister relationship between the subgenera
Anecphya and Brachyceras of Nymphaea, which had
initially been reported by Lohne et al. (2007). Whereas
the Australian subgenus Anecphya was found to be
monophyletic across all analyses and genomic parti-
tions in previous studies (e.g. Borsch et al., 2007,
Lohne et al., 2007, 2008a), the status of the pantropi-
cal subgenus Brachyceras remained largely unresolved.
Borsch et al. (2007) recovered several species of subge-
nus Brachyceras in a polytomy with a clade comprising
species of subgenus Anecphya using plastid trnT-trnF
sequence data, while a subsequent analysis with a
more comprehensive species sampling provided simi-
larly weak evidence for the monophyly of this clade
under plastid genome data (Borsch et al., 2011). The
present investigation provides robust evidence for
the monophyly of subgenus Brachyceras from the plas-
tid genome. Future studies should, however, include
Nymphaea petersiana, which is native to the Malawi
lake region in Africa and was previously recovered in
subgenus Lotos instead of subgenus Brachyceras
(Borsch et al., 2007, 2008). This placement indicated
that the broad circumscription of Nymphaea nouchali
of subgenus Brachyceras by Polhill and Verd-
court (1989), who subsumed several other species,
including N. petersiana, as infraspecific entities, was
highly unnatural. Unfortunately, the DNA quality of
our herbarium specimens of N. petersiana was insuffi-
cient for an inclusion in this study. Fourth, our results
are congruent with the reports of Lohne et al. (2007),
who suggested a close relationship of Victoria to sub-
genera Hydrocallis and Lotos of Nymphaea and, by
extension, the paraphyly of genus Nymphaea. Our
reconstructions recovered the relationship between Vic-
toria and the subgenera Hydrocallis and Lotos with
high node support, but only when alignments had been
adjusted; in the absence of such adjustments, the rela-
tionship was supported with a reduced level of node
support (i.e. BS 83 ML; Fig. 6a). The phylogenetic
position of Victoria in the same clade as species of
Nymphaea subgenera Hydrocallis and Lotos is also
supported by the floral biology of these species, as all
three linecages exhibit night blooming.

Phylogenetic relationships within subg. Hydrocallis

Our phylogenetic reconstructions identified relation-
ships within genus Nymphaea that had previously been
hypothesized but remained untested. Specifically, our
reconstructions resolved some phylogenetic relation-
ships within subgenus Hydrocallis with high node sup-
port (Figs 5 and ©6). Previous phylogenetic
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Fig. 7. Ancestral and contemporary states of 11 small sequence inversions that were found in the plastomes of Nymphaeaceae during the align-
ment inspections. The presence of an inversion in the plastomes of specific species is indicated by a black bar, the absence by a red bar. The
inversions are located in the following plastome regions: inversion 1 in the ndhC—trn} intergenic spacer, inversion 2 in the petA-psbJ intergenic
spacer, inversion 3 in the petD-rpoA intergenic spacer, inversion 4 in the psbL—trnS-TGA intergenic spacer, inversion 5 in the psbE-petL inter-
genic spacer, inversion 6 in the psbT-psbN intergenic spacer, inversion 7 in the psbZ—trnG-GCC intergenic spacer, inversion 8 in the rps/8-rpl20
intergenic spacer, inversion 9 in the trnF-GAA-ndhJ intergenic spacer, inversion 10 in the rrnH-psbA intergenic spacer and inversion 11 in gene
atpE. Another inversion (inversion 12) is located in the intron of rp/l/6 but has the same distribution as inversion 5 and is, thus, not visualized
here.
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Fig. 7. Continued

reconstructions of subgenus Hydrocallis were limited
to a suboptimal character base and unable to fully
resolve relationships within this shallow clade. Borsch
et al. (2007) found that resolution among members of
this subgenus was supported by the sequence variation
of the AT-rich elements of the P8 loop of the trnL
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intron, which was only the case for this subgenus. The
same phylogenetic signal also indicated a close rela-
tionship between N. amazonum and N. tenerinervia,
which is supported with full node support by our
results as well. Furthermore, our reconstructions pro-
vided further corroboration for a close relationship
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between N. conardii, N. glandulifera and N. jamesoni-
ana of subgenus Hydrocallis, which had been suggested
by Borsch et al. (2007) but not yet affirmed. Each of
these findings are in line with a crown-group age
of subgenus Hydrocallis of approximately 7 Ma, which
had been suggested by Lohne et al. (2008b) and ren-
ders this subgenus the most recently diverged among
the five subgenera of Nymphaea.

Wiersema (1987) suggested that N. lasiophylla and
N. lingulata might represent an ancestral lineage within
subgenus Hydrocallis, given that these species share
several morphological characters with other subgenera
of Nymphaea (e.g. tapering capillary appendages, a less
ordered arrangement of the perianth, an absence of
petaloid stamens and a presence of 3'-methylated fla-
vonoids). Nymphaea lasiophylla was not included in
any previous molecular phylogenetic analysis, render-
ing this question unresolved. The results of our phylo-
genetic reconstructions support the suggestion by
Wiersema (1987), as N. lasiophylla is identified as sister
to all other members of subgenus Hydrocallis with
maximum node support (Figs 5 and 6). The phyloge-
netic placement of N. lingulata, which was proposed as
part of a lineage together with N. oxypetala and
N. rudgeana (Borsch et al., 2007), remains unresolved,
as no molecular phylogenetic analysis had so far evalu-
ated this question. Our reconstructions partially agree
with the suggestion by Borsch et al. (2007) regarding
N. rudgeana, as that species is resolved as the second
branch within subgenus Hydrocallis. The unusually
high chromosome number of N. rudgeana (2n = 42)
led Wiersema (1987) to speculate whether that species
may be the result of interspecific hybridization, poten-
tially involving a member of subgenus Lotos. Such an
evolutionary reticulation would be consistent with the
similarity in several leaf characters between N. rud-
geana and N. lotus. However, our results provide sup-
port for N. rudgeana as a member of the crown group
of subgenus Hydrocallis given its distinct plastome
sequence. Such a placement was reported by Borsch
et al. (2014) based on nrITS sequence data, although a
strong uniparental bias during concerted evolution
toward the dominant ribotype of subgenus Hydrocallis
could also have caused such a result, assuming that a
paternal ancestor from a different sub-lineage was
involved in forming this species.

Our phylogenetic reconstructions support the rela-
tionship of N. conardii, N. glandulifera and N. jame-
soniana as successive sister species within subgenus
Hydrocallis with high confidence, which aligns with
morphological, ecological and cytological evidence on
these species. Wiersema (1987) suggested that the pre-
dominantly, if not exclusively, autogamous species
N. jamesoniana is likely to be related to N. gardneriana
and N. conardii, but that it stands out by the smallest
seeds of any Nymphaea species and a prominent

pattern of reticulate venation on the lower leaf surface.
The phylogenetic relationships identified in this study
agree with the observation that N. conardii, N. jame-
soniana and several other related species exhibit a dis-
tinct chromosome number of 2n = 28, but also allow
one of the two scenarios of chromosome evolution
deemed less likely by Wiersema (1987): a scenario in
which the chromosome number of N. conardii,
N. jamesoniana and relatives is caused by a series of
aneuploidy increases from an ancestral state
of 2n = 18. The congruence between the relationships
proposed by Wiersema (1987) and those identified here
are likely to be a consequence of the dense species sam-
pling achieved in this investigation, as no fewer than
half of all the species accepted by Wiersema (1987)
were included in our phylogenetic reconstructions.
However, several new taxa have since been described
from Brazil based on a partially distinct morphology
and assigned to Nymphaea subgenus Hydrocallis (de
Lima and Guilietti, 2013; de Lima et al., 2021); future
phylogenetic studies should include these potentially
new species as well to better understand the evolution-
ary history of subgenus Hydrocallis.

Phylogenetic relationships within subgenus Brachyceras

Our phylogenetic reconstructions also resolved the
relationships within the pantropical subg. Brachyceras
with high node support (Figs 5 and 6 and S1-S4). The
study of Lohne et al. (2007) had included only two
taxa of this subgenus (i.e. the Mexican species N. gra-
cilis and the African species N. micrantha), which were
recovered as sister species, whereas the more compre-
hensive study of Borsch et al. (2011) had recovered a
largely unresolved clade of species from the Americas
as part of a polytomy comprising several lineages of
African species of Nymphaea. Furthermore, nuclear
ribosomal sequence data had indicated that the Ameri-
can species were nested among several palaeotropical
lineages of Nymphaea, suggesting a long-distance dis-
persal out of Africa for the origin of the Neotropical
species of Nymphaea, which was estimated to have
occurred in the late Miocene (~ 10 Ma; Borsch
et al.,, 2011). Our phylogenetic reconstructions are
more resolved. First, a sister relationship of the Mada-
gascan endemic N. dimorpha (previously known as
N. minuta) to a clade comprising the Neotropical spe-
cies N. ampla and N. gracilis was recovered with full
node support. This relationship is surprising, as the
sequence data of the nrITS had suggested a sister rela-
tionship of N. dimorpha to the West African species
N. guineensis (not sampled here), which together had
been found sister to all other species of subgenus Bra-
chyceras (Borsch et al., 2011). Second, a close relation-
ship between the African species N. thermarum,
N. heudelotii and N. capensis was identified. Our
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sample of N. thermarum is an F; individual of the
type-material from hot springs in Rwanda
(Fischer, 1988) that was cultivated through self-
pollination and can, thus, be considered a part of the
original collection. We found that its plastome
sequence was identical to that of N. heudelotii, which
is a larger, morphologically distinct species with purple
flowers that also occurs in Rwanda. This observation
could be explained through a recent plastid capture
event—a phenomenon that has been reported from
multiple plant groups (e.g. Liu et al., 2020; Baldwin
et al., 2023)—or, alternatively, by a very recent species
divergence. Future investigations should test for both,
evidence of a plastid capture event as well as the possi-
bility of a recent peri- and parapatric speciation, in
these two African species, including through an
improved taxon sampling. Nymphaea thermarum has
been proposed as a model species for the early evolu-
tion of traits in flowering plants (Povilus et al., 2020).
The plastome of the individual of N. cf. capensis from
Botswana differs from that of N. thermarum/N. heude-
lotii by only two nucleotide substitutions and approxi-
mately a dozen base pair insertions/deletions
(primarily in simple sequence repeat regions and
microsatellites), which indicates a very recent separa-
tion of this species from its West African congeners.
Clearly, more taxonomic research on the African spe-
cies of subgenus Brachyceras is needed.

Phylogenetic relationships within subgenus Nymphaea

Our phylogenetic reconstructions indicated some of
the relationships within the autonymic subgenus of
Nymphaea, which includes the type, N. alba. Specifi-
cally, we found that the North American species of the
crown group of N. subg. Nymphaea (i.e. N. mexicana
and N. odorata) were more closely related to each
other than to the mainly Eurasian species N. alba. Pre-
vious molecular phylogenetic studies were inconsistent
on these relationships and supported either N. mexi-
cana (Borsch et al.,, 2007) or N. odorata (Volkova
et al., 2010) as the earliest diverging lineage within the
subgenus, although a split into a North American and
a FEurasian-boreal subclade had been proposed by
Borsch et al. (2014) based on nrITS sequence data. A
more comprehensive taxon sampling is required in
future investigations to clarify the relationships in
Nymphaea subg. Nymphaea.

Importance of a motif-based approach in nucleotide
sequence alignment

Accommodating sequence motifs during MSA is an
important but algorithmically challenging task and has
not yet been adequately accomplished in the context of
molecular phylogenetic studies (Dijkstra et al., 2018).

While different methods for the algorithmic detection
of conserved sequence motifs in genomic sequences
have been developed, including the use of position-
specific score matrices or hidden Markov models (e.g.
D’haeseleer, 2006; Grant et al., 2011), most merely aim
to identify orthologous sequence motifs in a sequence
alignment, oftentimes through the inference of custom
substitution matrices (Hashim et al., 2019). Some of
these de novo motif discovery algorithms can take the
phylogenetic relationships among the input sequences
into account but nonetheless rely on the use of precal-
culated sets of common sequence motifs (e.g. Arnold
et al., 2012). By contrast, only a few MSA algorithms
have been developed to attempt the opposite process of
generating improved sequence alignments if given a set
of conserved sequence motifs—a process that is com-
monly referred to as “motif-aware” sequence alignment
(Lelieveld et al., 2016). Most motif-aware alignment
algorithms require an a priori knowledge of the
approximate nucleotide sequence of the motifs expected
among the input sequences (e.g. Dijkstra et al., 2018).
However, this prerequisite renders the application of
such algorithms in phylogenetic investigations impracti-
cable, as the nucleotide sequences of phylogenetic
investigations are typically not characterized individu-
ally, especially when mass-produced via high-
throughput sequencing (e.g. Dylus et al., 2023). Owing
to the lack of suitable alignment strategies, the applica-
tion of motif-aware algorithms has, consequently, been
very rare in phylogenetic investigations.

Relevance of motif-based sequence alignment to plastid
phylogenomics

Alignment strategies that accommodate length-
variable sequence motifs during MSA are a high prior-
ity for plastid phylogenomics investigations but are
currently limited to the adjustment of software-
generated alignments. The average plastid genome
exhibits a high density of small sequence motifs, partic-
ularly among its noncoding regions, but despite their
complex mutational dynamics, many of these regions
are commonly used in plant phylogenetic investigations
(Morton, 2003; Borsch and Quandt, 2009). The high
proportion of small inversions as well as insertions and
deletions among plastid sequence motifs (e.g. Orton
et al., 2017) exacerbates the challenge of aligning their
sequences across species. While these microstructural
mutations exhibit recurring mutational patterns owing
to their structural or functional constraints (Kelch-
ner, 2000), they do not typically display consistent sub-
stitution rates and, thus, cannot be modelled via
default position-specific score matrices or hidden char-
acter states, as employed in many motif-aware align-
ment algorithms (Dijkstra et al., 2018). In fact, no
algorithm or automated MSA strategy known to us
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has so far achieved a motif-aware alignment of the
noncoding regions of the plastid genome. While MSA
algorithms that employ machine learning and have
been trained on sequence motif-rich datasets may be
able to align plastid sequence motifs that are prone to
microstructural mutations in the future (e.g. Petti
et al., 2023), contemporary investigations are limited to
a targeted adjustment of the output alignments (Lohne
and Borsch, 2005).

In the absence of suitable software tools, plastid
phylogenomic studies should conduct manual inspec-
tions and motif-based adjustments of software-
generated sequence alignments. With the help of such
inspections, microstructural mutations can be recog-
nized; subsequent alignment adjustments will then
improve their phylogenetic encoding in the analysis
matrix. Small sequence inversions, for example, should
be manually re-inverted, re-aligned with the other
sequences and coded as a single-step event in a supple-
mentary indel matrix that is included during phyloge-
netic reconstruction (Simmons and Ochoterena, 2000).
Empirical examples of this alignment inspection and
adjustment process are illustrated in Fig. 1. Micro-
structural mutations that are left unchanged would
have a high risk of biasing the inference of nucleotide
substitution rates and, by extension, the eventual phy-
logenetic tree. Despite the large amounts of sequence
data involved, the present investigation placed a strong
emphasis on the motif-based adjustment of software-
generated sequence alignments to improve the phyloge-
netic encoding of these difficult-to-align regions.

Impact of alignment adjustments on phylogenetic
inference

Our assessment of the impact of motif-based align-
ment adjustments on the validity of the alignments as
well as the subsequent phylogenetic inferences indicated
a general reduction in alignment length and variability
but also in their level of homoplasy. These findings are
in line with the expectation that a visual inspection of a
sequence alignment for optimal positional homology,
followed by a motif-based adjustment, reduces both the
length and the overall variability of an alignment but
also its level of homoplasy (Morrison et al., 2015).
Unless the reduction of the number of PIS negatively
affects the resolution of the phylogenetic inferences,
such alignment adjustments are likely to lead to more
reliable phylogenetic conclusions than studies without
them (Simmons et al., 2010). Indeed, our alignment
adjustments consistently reduced the level of homo-
plasy in the matrix and occasionally reduced the num-
ber of PIS per alignment to a degree that the
phylogenetic reconstructions were impacted. Moreover,
the improvements in positional homology achieved
through our alignment adjustments were likely to have

been amplified by a better fit of the nucleotide substitu-
tion model to the actual sequence data during phyloge-
netic tree inference (e.g. Du et al., 2019).

The exact impact of motif-based alignment adjust-
ments on phylogenetic tree inference is illustrated in
our empirical examples in Fig. 1. The first intron of
clpP, for example, exhibits a small SSR in the outgroup
taxon (i.e. Cabomba caroliniana), yet the software-
driven MSA did not recognize this sequence motif as a
repeat (Fig. 1b). While a phylogenetic tree reconstruc-
tion for this intron without a manual inspection and
adjustment of the software-generated alignment would
not be likely to have resulted in a different tree topol-
ogy, it would most probably have exaggerated the
number of autapomorphic characters attributed to the
outgroup and, thus, artificially increased the branch
length between ingroup and outgroup. Likewise, in the
intergenic spacer between the genes atpH and atpl, the
software-driven MSA inferred a partially overlapping
set of insertions and/or deletions, where likely only two
small, nonoverlapping indels of 5 bp length each exist
(Fig. Ic). Depending on the applied algorithm for indel
coding, a phylogenetic reconstruction without a prior
alignment adjustment would be likely to have resulted
in the inference of different phylogenetic relationships
than in the presence of such adjustments.

Our results are in line with those of Escobari
et al. (2021), who found that motif-based adjustments
of locus-wise alignments of complete plastid genome
sequences were instrumental in the recovery of phylo-
genetic relationships in a group of closely related
South American sunflowers. Their alignment adjust-
ments caused a general reduction in the homoplasy
level of their sequence matrices, which led to changes
in their phylogenetic reconstructions; similar to the
results in our investigation, some of the differences in
tree topology attributable to alignment adjustment
were even found to be statistically significant (Escobari
et al., 2021). The application of manual alignment
adjustments has also been practiced in several other
plastid phylogenomic studies. Leebens-Mack
et al. (2005), for example, manually adjusted software-
generated sequence alignments in an initial plastid
phylogenomic study on early-diverging flowering
plants to account for suboptimal homology statements
by the alignment algorithm. Specifically, they found
that, unless adjusted, indel mutations affected the
reconstruction of the phylogenetic position of Ambor-
ella and the water-lilies relative to other angiosperms
and, thus, generated a binary indel matrix for addi-
tional parsimony-based reconstructions. A similar
approach was taken by Ma et al. (2014), who manu-
ally adjusted sequence alignments of complete plas-
tomes generated by MAFFT and then removed all
sequence inversions of a size between 3 and 26 bp that
were identified through visual alignment inspection;
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their rationale behind that removal was that small
inversions were prone to homoplasy and could mislead
phylogenetic inference.

The topological differences among the inferred phy-
logenetic trees of this investigation that are attribut-
able to alignment adjustments are small but
nonetheless statistically significant. Specifically, the
reconstructions conducted before alignment inspection
and adjustment identified a sister relationship between
Nymphaea cf. capensis and Nymphaea x daubenyana
(Fig. 5a), as did all reconstructions in which indels
were coded (Fig. 6a,b); the same phylogenetic recon-
structions conducted after motif-based alignment
adjustment, however, did not recover this relationship
and instead suggested that Nymphaea x daubenyana
was the earliest divergent taxon within the clade of
West African species (Fig. 5b). These different phylo-
genetic positions may additionally be connected to the
hybrid nature of Nymphaea x daubenyana, which con-
stitutes an interspecific hybrid between N. micrantha,
as evidenced by the leaf vivipary it shares only with
that species, and another unknown species of subgenus
Brachyceras (Heine and Mabberley, 1986).

Our evaluation of the impact of alignment adjust-
ment on the inference of best-fitting nucleotide substi-
tution models produced complex and largely
idiosyncratic results (Tables S2-S4), preventing us
from drawing clear conclusions on any underlying pat-
terns of cause and effect. First, the differences in log-
likelihoods of model fit before and after alignment
adjustment did not coincide with most of the cases of
divergent nucleotide substitution models: despite large
differences in the log-likelihood values of the AIC,
best-fitting nucleotide substitution models were often
identical before and after alignment adjustment (e.g.
gene ycfl), whereas even minor differences in the log-
likelihood values occasionally coincided with divergent
best-fitting substitution models (e.g. the intergenic
spacer between genes trnY-GTA and trnE-TTC).
Alignment length appeared to be a factor relevant to
log-likelihood value differences before and after align-
ment adjustment, but no clear pattern could be identi-
fied. Second, significant differences in tree topology
before and after alignment adjustment did not coincide
with most of the cases of divergent nucleotide substitu-
tion models: none of the coding regions, only 13 of
the intergenic spacers (i.e. 12% of total), and only two
of the introns (i.e. 11% of total) that exhibited signifi-
cant topology differences in their best ML trees also
showed different best-fitting substitution models. The
argument that significantly different tree topologies
before and after alignment adjustment are associated
with, or even caused by, changes in the best-fitting
nucleotide substitution models is, thus, not supported
by our findings. Instead, it seems that our motif-based
alignment adjustments have a complex pattern of

impact on the subsequent phylogenetic inferences that
is only partially reflected by changes in the nucleotide
substitution models. Following these and the observa-
tions of Abadi et al. (2019), we employed the most
parameter-rich nucleotide substitution model
(GTR + G +I) for our phylogenetic reconstructions.

Ancestral character states of plastid sequence inversions

Our ancestral character state reconstructions of the 12
sequence inversions indicated that most of these inver-
sions exhibit idiosyncratic patterns of sequence evolution
(Fig. 7). A closer examination of the nucleotide sequences
that flank these inversions revealed the presence of con-
served palindromic sequence motifs in many of them, a
phenomenon that causes these inversions to form stem-
loop hairpin structures and which stabilizes their mRNA
product upon transcription (Kim and Lee, 2005). The
inversion in the psbZ—trnG-GCC intergenic spacer (inver-
sion 7), for example, is located between a poly-C and a
complementary poly-G microsatellite and comprises
a total of 57 nucleotides. Its directionality cannot be
inferred from our analyses, as the ancestral state recon-
struction inferred only a single character state transition:
between the ingroup and the outgroup. We also found
that the inversions located in the terminal parts of longer
and, thus, more stable hairpin-structures such as those
found in the intergenic spacers psbT-psbN (inversion 6)
and trnH-psbA (inversion 10) are considerably more
homoplastic than other inversions, which is in line with
the general model of hairpin-mediated mutational mecha-
nisms (Kelchner and Wendel, 1996) as well as empirical
evidence from angiosperms (Graham et al.,, 2000) and
mosses (Hernandez-Maqueda et al., 2008). A high level of
homoplasy in hairpin-mediated inversions in the psbA—
trnH spacer was also reported from other plant genera
(e.g. Degtjareva et al., 2012), which limits its use as a
DNA barcode. The three species of Victoria, however, are
characterized by two synapomorphic inversions (i.e. inver-
sions 9 and 11) that have occurred without the formation
of prominent palindromic sequence structures. Overall,
small sequence inversions of the plastid genome do not
typically exhibit a large contribution to the dominant evo-
lutionary signal of their genomes but rather represent idi-
osyncratic and often homoplastic signal that can hamper
MSA and character interpretation during phylogeny
reconstruction (Kim and Lee, 2005). The identification of
such sequence inversions during a visual inspection of
software-generated sequence alignments, therefore, repre-
sents an important step in plastid phylogenomic analyses.

Conclusion

The results of this investigation corroborated the
evolutionary relationships of Nymphaeaceae reported
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by previous studies and clarified several relationships
that were so far uncertain. Specifically, our analyses
resolved several internal relationships of the Neotropi-
cal clade of subgenus Hydrocallis for the first time and
increased the confidence into multiple previously
reported relationships for other subgenera of Nym-
phaea. Hence, considerable molecular phylogenetic evi-
dence now exists to conclude that (i) each of the five
subgenera of Nymphaea is monophyletic, (ii) subgenus
Nymphaea is sister to the rest of the genus, and (iii)
the genera FEuryale and Victoria are sister to a clade
formed by the subgenera Hydrocallis and Lotos, ren-
dering Nymphaea paraphyletic in its current circum-
scription. Moreover, the results of this investigation
highlighted the importance of motif-based alignment
inspections and adjustments in the analysis of plastid
phylogenomic sequence data. The finding that such
alignment adjustments improve the positional homol-
ogy among plastid sequence alignments, and, by exten-
sion, the subsequent phylogenetic reconstructions, is in
line with multiple similar studies. However, the obser-
vation that the results of some of our phylogenetic
reconstructions were significantly different after motif-
based alignment adjustment than before is new and
highlights the issue of alignment accuracy in plastid
phylogenomic analyses. A detailed inspection and,
where necessary, motif-based adjustment of software-
generated DNA sequence alignments should, thus, be
considered a common standard rather than a nuisance
in plastid phylogenomic studies.
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