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PREMISE OF THE STUDY: Diatoms are one of the most species-rich lineages of microbial eukaryotes.
Similarities in clade age, species richness, and primary productivity motivate comparisons to
angiosperms, whose genomes have been inordinately shaped by whole-genome duplication
(WGD). WGDs have been linked to speciation, increased rates of lineage diversification, and
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identified as a principal driver of angiosperm evolution. We synthesized a large but scattered
body of evidence that suggests polyploidy may be common in diatoms as well.

METHODS: We used gene counts, gene trees, and distributions of synonymous divergence to
carry out a phylogenomic analysis of WGD across a diverse set of 37 diatom species.
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KEY RESULTS: Several methods identified WGDs of varying age across diatoms. Determining
the occurrence, exact number, and placement of events was greatly impacted by uncertainty
in gene trees. WGDs inferred from synonymous divergence of paralogs varied depending

on how redundancy in transcriptomes was assessed, gene families were assembled, and
synonymous distances (Ks) were calculated. Our results highlighted a need for systematic
evaluation of key methodological aspects of Ks-based approaches to WGD inference.

Gene tree reconciliations supported allopolyploidy as the predominant mode of polyploid
formation, with strong evidence for ancient allopolyploid events in the thalassiosiroid and
pennate diatom clades.

CONCLUSIONS: Our results suggest that WGD has played a major role in the evolution of
diatom genomes. We outline challenges in reconstructing paleopolyploid events in diatoms
that, together with these results, offer a framework for understanding the impact of genome
duplication in a group that likely harbors substantial genomic diversity.

KEY WORDS diatoms; gene tree; genome duplication; paleopolyploidy; polyploidy;
synonymous divergence.

Duplicated genes are a hallmark of eukaryotic genomes. For exam-
ple, some two thirds of the genes in Arabidopsis are present in more
than one copy (Ambrosino et al., 2016), a proportion that is typical
of most plant genomes (Panchy et al., 2016). Duplicated genes can
provide raw materials for evolutionary innovation, thereby repre-
senting an important source of novel traits in lineages spanning the
eukaryotic tree of life (Ohno, 1970). In flowering plants, for exam-
ple, gene duplications have been linked to changes in a diverse set of

traits, including floral pigmentation and structure, flowering time,
disease and herbivore resistance, fruit characteristics, and stress
response (Soltis et al., 2014; Panchy et al., 2016; Soltis and Soltis,
2016). Gene duplication can occur across multiple scales, from
small tandem duplications affecting one or a few genes to, most dra-
matically, doubling of the entire genome (whole-genome duplica-
tion [WGD)] or polyploidy) (Flagel and Wendel, 2009; Panchy et al.,
2016; Van de Peer et al., 2017).
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The evolutionary history of angiosperms is marked by an-
cient polyploidy events, such that a majority of the duplicated
genes in Arabidopsis, for example, can be traced to a series of at
least four separate WGDs dating back to the origin of flowering
plants (Bowers et al., 2003; Jiao et al.,, 2011). In addition to pro-
viding a source of novel and potentially adaptive traits, gene and
genome duplications can also serve as mechanisms of speciation
(Winge, 1917; Lynch and Force, 2000). Whole-genome duplica-
tions, in particular, frequently coincide with speciation events in
flowering plants (Otto and Whitton, 2000; Wood et al., 2009; Zhan
et al., 2016). An association between WGDs and increased diversi-
fication rate is also emerging in angiosperms (Otto and Whitton,
2000; Soltis et al., 2009; Tank et al., 2015; but see Wood et al., 2009;
Mayrose et al., 2011; Schranz et al., 2012; Kellogg, 2016), highlight-
ing WGD as a potentially important driver of species diversifica-
tion. Polyploidy has been an important source of genetic novelty
in other species-rich lineages as well, including vertebrates (Ohno,
1970; Dehal and Boore, 2005) and fungi (Wolfe and Shields, 1997;
Albertin and Marullo, 2012), though it is unclear whether WGD
has significantly impacted species diversification in these groups
(Santini et al., 2009; Glasauer and Neuhauss, 2014; Laurent et al.,
2017). With longstanding genetic model systems and a wealth of
genomic data, these groups represent some of the most intensively
studied eukaryotes. Growing genomic resources for equally diverse
but historically understudied groups have made it possible to begin
exploring whether WGD has played a similarly important role in
non-model lineages.

With diversity estimates in the tens to hundreds of thousands
of species (Guiry, 2012; Mann and Vanormelingen, 2013), a prom-
inent role in the global cycling of carbon and oxygen (Field et al.,
1998), a critical position at the base of their native food webs, and
a crown age of roughly 200 Myr (Sorhannus, 2007), diatoms are in
many respects the angiosperms of the sea. They exhibit many layers
of diversity beyond their species richness, including a broad range
of ecological niches, life history strategies, and most famously in
the diverse patterns and ornamentations of their silicified cell walls
(Fig. 1; Round et al., 1990). Very little is known, however, about
the primary sources of genetic change underlying the origins and
evolutionary shifts in these traits. Many independent lines of di-
rect and indirect evidence collected over decades suggest that WGD
may be common in diatoms. For example, although karyotypes are
available for very few species, chromosome counts range from 2n =
8-130 among raphid pennate species alone (Kociolek and Stoermer,
1989). Flow cytometric measurements have shown substantial var-
iation in genome size, with estimates spanning more than three
orders of magnitude among the few dozen species that have been
surveyed (Connolly et al., 2008; von Dassow et al., 2008). Within
species, a recent genome doubling distinguishes natural popula-
tions of the polar centric species, Ditylum brightwellii (Koester
etal., 2010), and WGDs apparently can occur in strains maintained
in long-term cell culture as well (von Dassow et al., 2008). Finally,
and perhaps most compellingly, simultaneous fusions of three or
four gametes, leading to the formation of autopolyploid auxospores
(i.e., zygotes), have been directly observed in several raphid pen-
nate diatoms, including Cocconeis (Geitler, 1927), Craticula (Mann
and Stickle, 1991), Dickea (Mann, 1994), Achnanthes (Chepurnov
and Roschin, 1995), and Seminavis (Chepurnov et al., 2002). The
latter set of observations, in particular, led to the prediction that
polyploidy might be an important driver of speciation in diatoms
(Mann, 1994, 1999b). Finally, there is some evidence for polyploidy

in non-diatom stramenopiles, the broader lineage to which diatoms
belong (Coyer et al., 2006; Ioos et al., 2006). In light of this relatively
large body of evidence, the most surprising discovery might be lack
of a genomic signature for paleopolyploidy in diatoms.

We compiled new and previously sequenced genomic and
transcriptomic data for 37 phylogenetically diverse diatom spe-
cies to estimate, for the first time, the extent to which diatom ge-
nomes have been shaped, if at all, by WGD events. Gene counts,
gene trees, and patterns of synonymous sequence divergence
(Ks) between gene duplicates identified numerous putatively
allopolyploid-driven WGDs across the phylogeny dating as far
as back as 200 Myr ago (Ma). We discuss possible modes of poly-
ploid formation in diatoms and outline research directions that
will help shed light on the mechanisms and evolutionary conse-
quences of WGD in diatoms.

MATERIALS AND METHODS

Taxon sampling

We sampled 37 diatom species that spanned the known breadth of
extant phylogenetic diversity, the bolidophyte Triparma pacifica,
and two additional pelagophyte outgroups (Appendix S1, see the
Supplemental Data with this article).

Transcriptome sequencing and assembly

For newly sequenced transcriptomes, diatom cultures were grown
in L1 marine medium (Guillard, 1975) or COMBO freshwater me-
dium (Kilham et al., 1998) at 22°C on a 12 h light/12 h dark cycle.
We extracted total RNA from exponentially growing cultures us-
ing the Qiagen (Hilden, Germany) RNeasy kit and prepared in-
dexed sequencing libraries with the Illumina TruSeq RNA Sample
Preparation Kit v2. Multiplexed libraries were sequenced with the
Ilumina HiSeq 2000 or HiSeq 4000 platforms. Sequencing reads
were deposited in the Sequence Read Archive database maintained
by the National Center for Biotechnology Information (NCBI)
under BioSample accessions SAMNO07688919-SAMNO07688929
(Appendix S1).

We filtered and assembled sequencing reads following guide-
lines outlined in the Oyster River Protocol (MacManes, 2015).
Briefly, raw reads were corrected with Rcorrector (Song and
Florea, 2015) and quality-trimmed with Trimmomatic (ver.
0.32) (Bolger et al., 2014). The corrected and trimmed reads
were filtered for common laboratory vectors and diatom rRNA
genes with Bowtie2 (ver. 2.2.3) (Langmead and Salzberg, 2012).
Overlapping forward and reverse reads were then merged with
BBMerge (ver. 8.8) (Bushnell et al.,, 2017), and merged and un-
merged reads were assembled with Trinity (ver. 2.2.0) (Grabherr
et al., 2011). Assembled transcripts were translated into amino
acid sequences using TransDecoder (ver. 2.0.1) (https://trans-
decoder.github.io/), with translation predictions enabled by
searches of the longest identified open reading frames to the
Swiss-Prot and Pfam (Finn et al., 2015) databases using NCBI-
BLASTP (ver. 2.3.0+) (Camacho et al.,, 2009) and HMMER
(Eddy, 2011), respectively. Assembly quality was measured by
TransRate scoring (ver. 1.01) (Smith-Unna et al., 2016) and re-
covery of conserved eukaryotic orthologs present in the BUSCO
database (Simdo et al., 2015).
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FIGURE 1. Scanning electron micrographs of the siliceous cell walls of select diatom taxa: (A) Corethron hystrix, (B) Actinocyclus sp., (C) Rhizosolenia
fallax, (D) Lampriscus shadboltianus, (E) Odontella longicruris, (F) Discostella stelligera, (G) Eunotia sp., and (H) Gyrosigma sp. Scale bars =5 pm.
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Orthology/paralogy-based transcriptome clustering

We used CD-HIT (-¢ 0.99 -n 5) (Fu et al., 2012) to remove redun-
dant isoform transcripts from the full set of amino acid sequences
for each species. We used NCBI-BLASTP (e-value < 10° and max-
target sequences = 100) to search the resulting nonredundant
transcriptome of each species against a database of all 40 (nonre-
dundant) transcriptomes and used this output to identify putative
orthologous clusters with MCL (ver. 12-135) (Van Dongen, 2001;
Enright et al,, 2002; Van Dongen and Abreu-Goodger, 2012), using
an e-value cutoff of 10 and an inflation value of 1.4. Any MCL
clusters with fewer than four taxa were excluded from subsequent
analyses.

Species-tree reconstructions

We used the “phylogenomic_dataset_construction” pipeline of
Yang and Smith (2014) to build and prune ortholog trees for
species-tree reconstruction. As part of this pipeline, we aligned se-
quences with MAFFT (ver. 7.309) (Katoh and Standley, 2013) and
reconstructed gene and ortholog trees with RAXML (ver. 8.2.9)
(Stamatakis, 2014) using the PROTCATWAG model and 100 rapid
bootstrap pseudoreplicates per alignment. As part of the pruning
pipeline that selects a single representative transcript (per taxon,
per orthologous cluster) for phylogenetic analyses, alignments were
trimmed to (1) include only sites with column occupancy >0.1, (2)
remove terminal branches longer than two branch-length units or
10 times longer than the sister branch, (3) remove subclades sub-
tended by branches longer than two branch-length units, and (4)
prune sister tips belonging to the same taxon to include only the tip
with the largest number of unambiguous characters in the trimmed
alignment. We used Yang and Smith’s (2014) RT strategy to create
final ortholog alignments with a single representative transcript per
sample, with the two pelagophyte samples specified as outgroup
taxa and all diatom samples plus Triparma pacifica specified as
the ingroup, allowing the final set of gene trees to be rooted with a
nondiatom outgroup. We used SumTrees (Sukumaran and Holder,
2010) to collapse nodes on the final ortholog trees with less than
33% bootstrap support.

For species tree reconstructions, we filtered ortholog align-
ments and trees to include only those alignments with 100% taxon
occupancy and alignment columns with less than 20% missing
data and/or gap characters. We then reconstructed species trees
using summary-coalescent and concatenation-based approaches.
We used ASTRAL (ver. 4.10.8) for summary-coalescent species-
tree reconstruction, with topology and support estimated with
local posterior probabilities (Sayyari and Mirarab, 2016) and mul-
tilocus bootstrapping (Seo, 2008). We refer to these as ASTRAL
and ASTRAL-mlbs, respectively. For the concatenation-based
analysis, we used ProtTest (ver. 3.4.2) with the AICc selection
criterion to determine the best-fitting model of protein evolution
for each ortholog alignment (Guindon et al., 2010; Darriba et al.,
2011). We used AMAS (Borowiec, 2016) to concatenate the align-
ments, and we used IQ-TREE with ultrafast bootstrapping and
SH-aLRT testing (1000 replicates each) to infer the species tree
(Guindon et al., 2010; Minh et al., 2013; Chernomor et al., 2016).
We recovered relatively high levels of gene tree discordance and
low levels of gene tree support across gene trees, under which con-
ditions concatenation-based methods may outperform summary-
coalescent methods (Mirarab and Warnow, 2015). As a result, we

used the concatenation-based tree as the reference species tree for
all subsequent analyses. Importantly, the topologies of the con-
catenated and summary-coalescent trees were nearly identical.
Gene tree support was summarized with PhyParts (analysis=full-
concon) (Smith et al., 2015) and a companion script, phypart-
spiecharts.py (https://github.com/mossmatters/phyloscripts/tree/
master/phypartspiecharts), with gene tree concordance estimated
against the IQ-TREE species tree based on a 33% bootstrap sup-
port threshold.

The IQ-TREE species tree was time-calibrated with TreePL
(Smith and O’Meara, 2012) and 10 fossil-derived calibration points
(Appendix S2). The minimum and maximum bounds were calcu-
lated following Norris et al. (2015), except the calibration for the
most recent common ancestor (MRCA) of diatoms and Parmales
was constrained to a maximum age of 250 Ma. The optimal rate-
smoothing parameter for TreePL was estimated using random-
subsample-and-replace cross-validation with a range of tested
values on a log scale between 10° and 10°.

Overall approach to identification of paleopolyploidy events

Identifying WGDs from transcriptome data relies on temporal or
phylogenetic signal, rather than spatial syntenic signal, and so may
be impacted by historical variation in molecular evolutionary rates
and saturation artifacts (McKain et al., 2016). Nevertheless, sev-
eral complementary methods are now available that together can
provide increased confidence in transcriptome-based WGD infer-
ences in the absence of synteny information. These approaches are
broadly divided into three categories: (1) paralog divergence (i.e.,
Ks-based) methods (Lynch and Conery, 2000; Blanc and Wolfe,
2004), (2) gene tree/species tree reconciliation methods (Durand
et al,, 2006; Jiao et al., 2011; Thomas et al., 2017), and (3) gene
count methods (Rabier et al., 2014). Each of the three approaches
provides incrementally more rigorous and specific tests of WGD:
(1) the Ks analyses provide semiquantitative evidence for the pres-
ence of synchronously duplicated genes, (2) gene tree reconcilia-
tion pipelines identify specific branches on the species tree with
elevated numbers of gene duplications and losses (Durand et al.,
2006; Yang et al., 2015), and one of the reconciliation approaches
used here allows for specific tests about the mechanism of inferred
WGD events (auto- vs. allopolyploidy) (Thomas et al., 2017), and
(3) a gene count method for detecting and locating WGD events
independent of both Ks and gene tree information. As described
in the following sections, we applied each of these methods to one
or more sets of orthologous clusters and their corresponding gene
trees (Fig. 2).

Synonymous divergence (Ks) of paralogs

We looked for evidence of WGDs in diatom and outgroup taxa
using traditional approaches based on pairwise divergence be-
tween paralogs at synonymous sites (Ks) (Lynch and Conery,
2000; Blanc and Wolfe, 2004). Methods for identifying secondary
Ks peaks vary in several key parameters (e.g., clustering criteria
for paralogs and codon substitution model), and the behaviors of
different Ks pipelines have not been systematically evaluated, so
we used several different Ks pipelines and settings. We restricted
these analyses to a set of relatively conserved genes, based on a
BLASTP search (e-value < 10'°) of each transcriptome against a
database of complete proteomes from 17 protist species, including
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Filtering Stage Analysis(es)
----------- total input cd-hit
----------- after cd-hit blastp to protist db

. orthologous clustering
after blastp to protist db through mcl
9463 orthologous clusters WGDgc,

with >4 taxa long-branch trimming/cutting

9497 feraI tnmmed. homolog GRAMPA
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3163 bootstrapped homolog Yang (2015) duplication analysis,

BadiRate

ASTRAL, ASTRAL-mlbs,
IQ-TREE

197 bootstrapped ortholog trees

with 100% taxon occupancy

FIGURE 2. Data set sizes at critical stages of analysis. The area of each circle is proportional to the total transcript count at that stage of analysis. Total tran-
script counts represent all assembled transcripts (transcriptomes) and predicted genes (genomes) available from all taxa at a given stage of analysis.

the diatoms Cyclotella nana (formerly Thalassiosira pseudonanas
heretofore Cyclotella) and Phaeodactylum tricornutum. The first
approach followed Johnson et al. (2016), with initial filtering of
each gene set to remove highly similar sequences (e.g., isoforms
or very recent duplicates) using CD-HIT-EST (-c 0.98 -a$S 0.90).
Remaining proteins were then clustered for each species with
CD-HIT (-c 0.40 -aL 0.75 -n 2), aligned with MAFFT, and back-
translated by forcing nucleotide sequences to protein alignments
using Pal2Nal (Suyama et al., 2006) with gap regions and inter-
nal stop codons removed. For each pair of paralogous nucleotide
sequences in the CD-HIT clusters, Ks was calculated using the
KaKs_Calculator (Zhang et al., 2006) under both the YN (Yang
and Nielsen, 1998) and GY (Goldman and Yang, 1994) codon sub-
stitution models, hereafter referred to as JYN and JGY. We also
estimated Ks distributions using the FASTKs pipeline with default
settings (McKain et al., 2016). In the FASTKSs pipeline, translated
transcriptomes are searched against themselves with BLASTP
to identify pairs of putative paralogs, which are then filtered by
alignment length and percentage identity, then re-aligned and
back-translated before calculating Ks. It is important to note here
that the Trinity transcriptome assembler makes a distinction be-
tween closely related paralogous genes vs. isoforms of the same
gene (Grabherr et al.,, 2011). As a result, transcript assemblies
are hierarchically organized according to assembly read clusters,
which are comprised of “genes” and gene “isoforms” In some
cases, isoforms of the same Trinity gene might represent very
recently diverged paralogs, and some Ks pipelines are “Trinity-
agnostic’, relying on alternative filtering strategies to distinguish
paralogs and isoforms (Jiao et al., 2011; Johnson et al., 2016). Due

to this ambiguity, Ks distributions were determined using the
FastKs pipeline both before and after removing BLASTN self-hits
at the “gene” level for the Trinity assemblies (i.e., BLASTN hits be-
tween two Trinity isoforms of the same Trinity gene). These anal-
yses are hereafter referred to as MBA (McKain BLAST All) and
MGC (McKain gene-collapsed), respectively. For both pipelines,
we tested for multiple normal distributions in the Ks distributions
using the R package MClust (Fraley et al., 2012), with the best
fit model chosen using the Bayesian information criterion (BIC).
This method applies finite mixture modeling through a semipar-
ametric, model-based approach to estimate the probability distri-
bution for a set of values, including for one-dimensional data sets
(such as Ks estimates). We considered MClust-identified peaks
that met all of the following criteria as providing strong Ks-based
evidence for WGD: (1) total count of paralogous pairs within a
Ks analysis > 200, (2) value of Ks peak > 0.05 and < 2.0, and (3)
> 20% of all paralog pairs used in an analysis residing within an
MClust-identified peak.

Gene tree reconciliation against the species tree

We used gene tree/species tree reconciliation to identify branches
on the species tree with concentrations of gene duplications or
losses. We filtered the RAXML gene trees to include only those
with at least 30 diatoms and one outgroup, resulting in a final set
of 3163 trees for this analysis (Fig. 2). Bootstrap support values
across these trees were generally low, with only about 30% of nodes
across all trees supported by bootstrap values >50%. This result
prompted us to explore how sensitive our inferences of WGD were
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to uncertainty (i.e., lack of bootstrap support) in the gene trees.
First, we filtered trees based on mean bootstrap support across
all nodes, retaining only those trees with mean bootstrap support
>40% or 250%. Second, we performed bootstrap-based rearrange-
ment of the homolog trees at 40%, 50%, 60%, and 70% bootstrap
cutoffs. These rearrangements minimized the reconciliation cost
by rearranging gene trees around poorly supported nodes. These
filtering and rearranging steps resulted in a total of seven sets of
homolog trees: the original set of 3163 trees, 1054 trees with mean
bootstrap >40%, 301 trees with mean bootstrap >50%, and four
sets of the same size as the original set but rearranged at 40%,
50%, 60%, and 70% bootstrap thresholds. Each set of gene trees
was rerooted and reconciled against the species tree with Notung
(ver.2.9) (Durand et al., 2006; Darby et al., 2017). We ran Notung’s
phylogenomic pipeline to estimate the number of gains and losses
in each gene tree and total counts of duplication and loss per
node. In addition to a priori filtering or rearranging of homolog
trees, we also applied the approach used by Yang et al. (2015) to
the original set of 3163 homolog alignments. This pipeline maps
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rooted clades of gene trees, which include orthologs and paralogs,
to a species tree to determine the proportion of gene families with
one or more duplications at each node, taking into account con-
fidence in gene tree topologies as measured by average bootstrap
support across a subclade.

We repeated these analyses using gene trees pruned to include
only pennate diatoms (Fig. 3) or only Thalassiosirales (Fig. 3), two
clades of particular interest because of their high degree of species
richness. We analyzed these clades separately to identify potential
WGDs specific to these lineages while reducing computational
time by working with smaller data sets and eliminating the sig-
nal of duplications that preceded the origin of these lineages. For
each homolog tree, we extracted the complete focal clade if it was
monophyletic or, if the entire focal clade was not monophyletic,
we extracted all subclades composed of at least four terminal
taxa. For each of these extracted tree sets, we performed the fil-
tering, rearrangement, and reconciliation steps described above.
These additional manipulations resulted in 14 additional sets of
homolog trees.

Pipeline

/\ Jay

o /\ oYN
N MBA
MGC

Paralog pairs
under peak
(% of total)

A 25%
a /\ 45%
A A 65%
Gene count
tests (WGDgc)

. Detected
O Not detected

250 225 200 175 150 125 100 75 50 25 0 0

Ks

FIGURE 3. Time-calibrated species tree of 37 diatoms and the outgroup Triparma (Bolidomonas) pacifica (Parmales) reconstructed from a concatenated
alignment of 197 pruned orthologous groups with 100% taxon occupancy and a single representative transcript per sample. Nodes relevant to downstream
analyses are labeled A-F. Statistically significant secondary peaks in Ks distributions are indicated for four different Ks pipelines (see Methods). Triangle size
is proportional to the fraction of paralog pairs in a Ks analysis that fall within a given Ks peak. Detailed Ks results are given in Appendices S3 and S4.



Gene tree reconciliation against multiply labeled trees

We used the software package GRAMPA (Thomas et al., 2017)
to specifically test for the mechanism of WGD formation at focal
nodes highlighted by the Yang and Notung pipelines. GRAMPA
compares the reconciliation scores of multiply labeled (MUL) trees
that correspond to allo- or autopolyploid scenarios against the sin-
gly labeled species tree. Cases in which the MUL tree—a topology
in which a taxon or clade appears twice as the result of a duplica-
tion—had a better reconciliation score than the species tree were
considered supportive of a WGD event. By default, GRAMPA
performs least-common ancestor (LCA) reconciliation of all gene
trees against both the species tree and all possible MUL trees, and
reports the number of duplications and losses as well as their sum
(the reconciliation score). Overly complex gene trees, which might
take a prohibitively long time to reconcile, are filtered out based on
a maximum allowed number of polyploid groups, which we left to
its default value (the group cap setting, default = 8).

We performed two types of GRAMPA searches: (1) scoring all
possible MUL trees, and (2) scoring only the MUL trees relevant
for nodes flagged by the Notung and Yang pipelines as having large
concentrations of gene duplications. Both approaches tested all
relevant arrangements for the two parents of a putative allopoly-
ploid event, including the same parent for autopolyploid events,
and compared their reconciliation scores to the reconciliation score
of the singly labeled species tree. As with the Notung analyses, we
ran separate GRAMPA searches at the level of all diatoms, within
Thalassiosirales, and within pennate diatoms, testing the robustness
of inferred WGDs to bootstrap support by following the filtering
and rearrangement strategies detailed above.

Gene count analyses

We used gene count data derived from the 3163 bootstrapped trees
(3.1K) and a broader set of 9497 homolog trees with at least eight
diatoms (9.5K) (Fig. 2) to test a number of WGDs supported by
Ks or gene tree reconciliation analyses with the R package WGDgc
(Rabier et al., 2014). The computational demands of these analyses
restricted the number of branches we were able to test, so we focused
on 11 terminal and seven internal branches, chosen because they
represent groups of longstanding interest (e.g., Thalassiosirales) or
to test whether significant Ks peaks in closely related species rep-
resented multiple independent or single shared events. Initial tests
used the entire species phylogeny and required an orthologous clus-
ter to include Triparma pacifica and at least one ingroup species,
thereby removing orthologous clusters unique to diatoms. With
this strategy, most of the putative WGD events identified through
Ks analyses were not detectable, likely due to excessively stringent
filtering to meet the above criterion. Similar results have been ob-
served in other studies that use gene count data, and one common
solution is to focus analyses on subtrees that maximize the amount
of data relevant to testing a particular WGD hypothesis (Tiley et al.,
2016). To increase the pool of orthologous clusters for detection of
WGDs while keeping computational memory and time reasonable,
we created reduced gene count data sets and pruned accordingly the
time-calibrated chronogram to include only those taxa relevant to a
specific WGD hypothesis. For example, when testing for a putative
Ks-inferred WGD in Gyrosigma, we pruned the species tree down
to include raphid pennates only (Fig. 3). The final data sets repre-
sented orthologous clusters with representation in the outgroup and
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at least one species of the ingroup. WGDgc analyses were run with
the root prior set to the mean number of copies per cluster in each
of the data sets and with the option “onelnBothClades” that reflected
our filtering strategy. The putative WGD events were assumed to
have occurred at the midpoint of branches leading to the focal node.
Hypotheses were tested using likelihood ratio tests against a null
model of no WGDs (Rabier et al., 2014; Tiley et al., 2016).

RESULTS

Transcriptome assemblies

We assembled transcriptomes for 34 diatom taxa and one outgroup
(Triparma pacifica) using paired-end RNA-seq read pools that
ranged in size from 21.3 to 424 million reads. Trinity assemblies
ranged in size from 13,578 to 61,091 genes and 16,145 to 70,488
transcripts (including isoforms). BUSCO recovery in assembled
transcriptomes averaged 70 + 8% for combined complete and
fragmented orthologs. Gene counts for protein sets from the five
genome sequences ranged from 10,402 to 27,137 genes, with a cor-
responding average BUSCO recovery of 83 + 6%. Sample informa-
tion and assembly details are available in Appendix S1.

Homology and orthology inference

A total of 9463 orthologous clusters containing at least four taxa
were circumscribed with MCL (Fig. 2). These clusters were pruned
and subdivided into a total of 9497 ortholog alignments and cor-
responding phylogenetic trees, each with at least eight taxa. These
alignments were then filtered based on various taxon-occupancy
thresholds to create data subsets for further analyses (Fig. 2).

Species tree reconstruction

A total of 197 ortholog alignments with a single representative
transcript per sample and with 100% taxon occupancy were recov-
ered (Fig. 2), representing a combined alignment length of 58,294
amino acids. Coalescent-summary (ASTRAL, ASTRAL-mlbs) and
concatenation-based (IQ-TREE) inference methods recovered well-
supported species trees with identical branching orders, with the
exception of the polar centric diatom Ditylum brightwellii (Fig. 3,
Appendix S3), which has been difficult to place with phylogenomic
data (Parks et al., 2018). Similar to previous findings (Parks et al.,
2018), relationships among the major multipolar centric clades
were the most difficult to resolve, with deep splits supported by few
or no gene trees (Appendix S3).

Synonymous divergence (Ks) between paralogs

Ks-based age distributions of gene duplicates revealed strongly
supported secondary Ks peaks, typically interpreted as evidence of
paleopolyploid events, in all diatom species in at least one of the
four Ks analyses (Fig. 3, Appendices S4 and S5). The numbers, sizes,
and placements (ages) of secondary Ks peaks varied considerably
by gene family clustering algorithm, treatment of isoforms in the
transcriptome assemblies, and model of sequence evolution for cal-
culating synonymous distances (Fig. 3). Strongly supported peaks
in the JYN and JGY analyses had significantly higher Ks values than
in the MBA and MGC analyses, and MGC analyses identified peaks
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TABLE 1. Summary of strongly supported secondary peaks in Ks-based
analyses of whole-genome duplication in diatoms. The average numbers of
peaks per sample were not significantly different in paired t-tests at p < 0.05
(0.138 < |t| < 1.357). Significant differences in the average Ks peak value per
species are indicated by contrasting superscript letters based on standard t-tests
at p < 0.05. Degrees of freedom for average Ks value/sample t-tests: JYN = 44;
JGY =42; MCA = 34; MCG = 33; t-values for significant differences were 2.528 < |t|
< 6.063; t-value for JYN vs. JGY = 0.501.

Total number  Average peaks/  Average Ks value/

Ks analysis of peaks sample (SD) sample (SD)
JYN 49 1.216 (0.976) 0.728%(0.594)
JGY 47 1.162 (0.727) 0.668°(0.518)
MBA 37 0.946 (0.815) 0.152°(0.113)
MCG 36 0.919 (0.795) 0.425¢(0.241)

with significantly higher mean Ks values than in the MBA analyses
(Table 1, Fig. 3).

Gene tree reconciliation (Yang and Notung pipelines)

Notung and Yang pipeline reconciliation with the original set of
3163 unfiltered and unrearranged gene trees identified six branches
along the backbone of the species tree with high concentrations of
gene duplications (40-70% of gene families; Figs. 3 and 4, branches
A-F). Average bootstrap support of these gene trees was relatively
low, so a potentially large fraction of these duplications may have
been inferred from poorly supported trees or nodes. To assess the
sensitivity of these results to bootstrap support, we repeated the
Notung reconciliation by filtering for trees with at least 40% or 50%
average bootstrap support or by rearranging the original set of gene
trees at bootstrap thresholds ranging from 40-70%. Both of these
strategies reduced the number of inferred gene duplications, with
rearrangements having a much stronger effect (Fig. 4). Gene-tree
filtering generally resulted in a 10-20% drop in the percentage of
inferred duplications, though the percentage of duplicated genes
did not change with bootstrap-based filtering for branches C and
E (Fig. 4). For rearrangements, the percentage of duplications de-
creased more or less linearly with increasing bootstrap threshold,
ultimately resulting in a 60-80% drop in inferred gene duplications
with a rearrangement threshold of 70% (Fig. 4). Rearrangement
results indicated that the large duplication fractions at focal nodes
were influenced to a large degree by gene trees with poor support;
however, filtering for homolog alignments that contained more
phylogenetic signal and produced better supported trees (mean
bootstrap >40% or =50%) still retained substantial signal for large-
scale duplication events at these nodes. Overall, even with the most
conservative strategy (rearrangements with 70% bootstrap thresh-
old), we found that >19% of gene families experienced duplications
at the top three nodes (A, D, and C), suggesting that signal for syn-
chronous duplications at these branches could still be detected de-
spite the generally poor bootstrap support within gene trees (Figs. 3
and 4, branches A, C, and D; Appendix S6, see the Supplemental
Data with this article). Results from the Yang pipeline with a boot-
strap cutoff of 40% corroborated these findings (Fig. 4).

Gene tree reconciliation (GRAMPA)

The Notung and Yang pipelines identified four nodes with large
concentrations of duplications, consistent with ancient WGD
events: (1) the MRCA of all diatoms excluding Corethron hystrix

and Leptocylindrus danicus (Fig. 3, branch A), (2) the MRCA of
pennate+multipolar centric diatoms (Fig. 3, branch C), (3) the
MRCA of Thalassiosirales excluding Porosira pseudodenticulata
(Fig. 3, branch D), and (4) the MRCA of all pennate diatoms ex-
cluding Striatella unipunctata (Fig. 3, branch E) (Fig. 4). We used
GRAMPA to further investigate these putative WGDs with the
original, filtered, and rearranged sets of gene trees. As GRAMPA
reconciles gene trees against multiply labeled trees representing
different scenarios for the parental lineages of a WGD event, these
analyses provided additional tests of whether our tree sets showed
signs of polyploidy and, if so, whether the more likely reconstruc-
tion pointed to allo- or autopolyploid ancestry.

Whole-genome duplication at deep internodes (Figs. 3 and 4,
branch A/C)

The Notung/Yang reconciliations against the singly labeled species
tree highlighted concentrations of families with duplicated genes at
the MRCA of all diatoms excluding Leptocylindrus and Corethron
(Figs. 3 and 4, branch A) as well as the MRCA of pennate+multipo-
lar diatoms (Figs. 3 and 4, branch C). In unconstrained GRAMPA
searches, MUL trees involving these nodes were better than the spe-
cies tree (Fig. 5), though the optimal topology implied a different
and more complex scenario. Namely, in unconstrained GRAMPA
searches, the lowest-scoring MUL tree pinpointed the WGD to
an intermediate branch (Figs. 3 and 4, branch B). The WGD was
inferred to have been an allopolyploid event involving an unsam-
pled or extinct lineage sister to branch B (Fig. 3) and an unsam-
pled or extinct lineage sister to all diatoms. Searches using sets of
trees with mean bootstrap support >40% (N = 1173) or 250% (N =
348) gave similar results, with all three of these scenarios (WGD at
branches A, B or C; Figs. 3 and 4) among the top five MUL trees,
and in each case, the second parental lineage was an unsampled
or extinct lineage sister to all diatoms (Fig. 5). In addition to these
possibilities, a MUL tree involving the clade of multipolar diatoms
excluding Attheya, with Attheya as the second parental lineage of
an allopolyploid event, was also among the best-supported scenar-
ios. However, in unconstrained GRAMPA searches using the sets of
trees rearranged at bootstrap thresholds as low as 40%, the singly la-
beled species tree (i.e., no inferred WGDs) received the lowest rec-
onciliation score. Overall, our analyses of unaltered and filtered sets
of gene trees supported at least one deep allopolyploid event, with
an uncertain location between branches A, B, and C or possibly
at the MRCA of multipolar diatoms excluding Attheya (Figs. 3-5;
Appendix S6).

Whole-genome duplication within Thalassiosirales (Figs. 3
and 4, branch D/D’)

Multiple lines of evidence supported one or more WGDs in
Thalassiosirales, specifically involving a clade composed of all sam-
pled members of Thalassiosirales except Porosira pseudodenticulata
(heretofore Porosira) (Fig. 6, branch D), a less inclusive clade con-
sisting of Skeletonema marinoi (heretofore Skeletonema), Discostella
pseudostelligera (heretofore Discostella), and Thalassiosira oceanica
(heretofore Thalassiosira, not to be confused with Thalassiosira
pseudonana, referred to here as Cyclotella, or Thalassiosira weiss-
flogii, referred to here as Conticribra) (Fig. 6, branch D), and
Thalassiosira alone (Fig. 6). We tested these putative events with
GRAMPA using extracted Thalassiosirales subtrees with four or
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FIGURE 4. Trends in gene duplication and loss across six select branches of the species tree (see Fig. 3 for key to branch names). Percentages of gene
duplication and loss were reconstructed with different sets of homolog trees, different reconciliation pipelines, and at different bootstrap thresholds

for filtering and rearrangement.

more species (N = 3259). An unconstrained GRAMPA search found
that MUL trees defined by the branch representing Thalassiosirales
excluding Porosira (Figs. 3 and 4, branch D) were never better than
the species tree, irrespective of the set of trees used and whether
or not the trees were rearranged. The Notung and Yang pipelines,
by contrast, found the highest concentration of duplications within
Thalassiosirales at this node (Fig. 4). Instead, the strongest support
for WGD within the Thalassiosirales was for a clade comprising
Skeletonema, Discostella, and Thalassiosira (Figs. 2 and 4, branch
D’). The best MUL tree corresponded to an allopolyploidy event

between an extinct or unsampled lineage represented by the MRCA
of these three species and an extinct or unsampled lineage repre-
sented by the MRCA of all Thalassiosirales excluding Porosira
(Fig. 5). This event was robust to bootstrap support, being detect-
able with trees filtered up to mean bootstrap 270% (N = 745) and
with bootstrap-based rearrangement up to a threshold of 50%. In
a GRAMPA run with the unfiltered and unrearranged gene trees,
seven of the 10 MUL trees better than the species tree included lin-
eages nested within the (Skeletonema, (Thalassiosira, Discostella))
clade, including one MUL tree for each of Thalassiosira and
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coscinodiscoid coscinodiscoid Talaroneis Talaroneis
Skeletonema

melosiroid melosiroid Asterionellopsis Asterionellopsis
Cyclotella

Leptocylindrus Leptocylindrus Striatella Striatella

Corethron Corethron Conticribra Attheya Attheya

Triparma Triparma Porosira multipolar part multipolar part
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FIGURE 5. GRAMPA reconciliation for several putative whole-genome duplications and at different bootstrap filtering thresholds. Branch names
correspond to lineages where the Notung and Yang pipelines detected a high concentration of duplications and match the notations used in Figs. 3
and 4. For each branch, we highlight the first parental lineage of the allopolyploid event (h1, purple circles) and the top three possible positions for
attachment of the second parental lineage (h2, green and yellow circles). Green circles denote the results from the analysis of the unaltered trees
(N=3163), whereas yellow circles denote the analysis of trees with mean bootstrap support >50% (N = 348). The species tree was simplified to include
only those branches relevant to each event. MUL trees representing autopolyploid events always scored worse than the allopolyploid alternatives and

the singly labeled species tree (no polyploidy).

Discostella independently and for these two species combined. In all
cases, the second parental lineage was represented by the MRCA of
Thalassiosirales except Porosira, pointing to a discrepancy between
the age of the polyploid lineage and the concentration of duplica-
tions mapped onto the singly labeled species tree (Figs. 3-6). Similar
findings in yeast have been interpreted as strong support for ancient
hybridization and allopolyploidy (Marcet-Houben and Gabaldon,
2015; Thomas et al., 2017). The discrepancy between the relative age
of the reconciliation-inferred duplication peak (Fig. 6, branch D)
and the polyploid clade (Fig. 6, branch D’) is therefore likely due to
the earlier divergence of the hybridization-derived homeologs pres-
ent in the genome of the polyploid lineage, which trace back to the
earlier branch D, compared to the age of the polyploid lineage itself,
which traces back to the younger branch D’ (Figs. 3 and 6).

Whole-genome duplication within the pennate clade (Figs. 3
and 4, branch E/F)

Within the clade of pennate diatoms (Fig. 3), Notung and Yang
reconciliations against the singly labeled species tree detected the
highest concentrations of duplications at the nodes representing
the MRCA of all pennates except Striatella (Fig. 4, branch E) and
the MRCA of all pennates except Striatella, Asterionellopsis, and
Talaroneis (Fig. 4, branch F). GRAMPA searches to further as-
sess support for these putative WGDs used extracted subtrees of
pennate diatoms (N = 2156) that were either unaltered, filtered,
or rearranged. In unconstrained GRAMPA searches, MUL trees
corresponding to these nodes were weakly supported (ranked 6th
and 7th out of seven MUL trees better than the species tree), and
instead, the best reconciliation scores were obtained for smaller
clades nested within the clades descendant from branches E or F
(Figs. 3 and 6). With the full set of unaltered subtrees, the best MUL
tree involved the clade (Phaeodactylum, (Sellaphora, Craticula)),
whereas sets of trees filtered at bootstrap cutoffs of 40% (N = 1206),
50% (N = 798), and 70% (N = 187) supported a MUL tree formed
by the clade of all raphid pennate diatoms except Eunotia (Fig. 3).
Using the rearranged trees, GRAMPA found no MUL trees better
than the species tree. By constraining our searches to MUL trees
involving branch F (Fig. 3), for which GRAMPA filter retained and

reconciled larger sets of gene trees, we were able to detect an allopo-
lyploid event in which the second parental lineage was an extinct or
unsampled lineage represented by either the MRCA of all pennates
except Striatella, or the MRCA of all pennate diatoms, though these
reconstructions varied across sets of trees and were not detected
with rearranged trees (Fig. 5; Appendix S6).

Gene count analyses

Analyses based on gene counts were designed to test 18 putative
WGD events inferred either from analyses of Ks divergence (10 ter-
minal and two internal branches; Fig. 3) or gene tree reconciliation
(six internal branches) (Fig. 3). Each putative event was tested in-
dependently through comparison to a null, non-WGD model. We
performed these analyses using gene counts based on the 3.1K and
9.5K data sets and, with three exceptions described below, recov-
ered the same set of results for both analyses. We detected WGDs
in eight of 18 tested branches (Fig. 6), with relatively low rates of
homolog retention, whereby the retention rate (q) is defined as the
probability of retaining the WGD-derived copy of a gene (Rabier
et al, 2014). Retention of two WGD-derived homologs follow-
ing a duplication event was generally less than 2%, although four
WGDs had retention rates between 3% and nearly 15%. All eight
tests that returned support for WGD with retention rates >0 were
significantly better than their corresponding no-WGD null models
(likelihood ratio tests, df = 1, y* p <0.001 for all tests; Appendix S7).

Within pennate diatoms, gene count analyses corroborated the
Ks-inferred WGDs in Gyrosigma (q = 14.8%), Asterionellopsis (q =
7.0%), and Talaroneis (q = 1.4%) (Fig. 6). There was also signal for
WGD along the branch leading to the MRCA of Asterionellopsis
and Talaroneis (q = 3.6%), suggesting that the Ks peaks observed
in these two taxa might represent a single shared WGD (Figs. 3 and
5). Finally, in agreement with gene tree reconciliations, there was
also signal for WGD along the branch leading to the MRCA of all
pennate diatoms excluding Striatella (Fig. 3, branch B; g = 1.1%)
(Fig. 6). The latter event was not detected with gene counts from the
3.1K data set, which instead detected signal for WGD in Attheya
alone (g = 0.3%). WGD along the branch leading to Attheya was not
observed in the analysis of counts calculated from the 9.5K data set.
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Sellaphora Corethron and Leptocylindrus (Figs. 3 and 5,
Craticula branch A). The gene count analysis detected
Phaeodactylum WGDs on both branches, including a WGD
Gyrosigma with retention rate g = 1.7% along the branch
Nitzschia leading to pennate+multipolar diatoms us-

Fragilariopsis
Cylindrotheca
Eunotia
Thalasiothrix
Fragilaria
Diatoma
Staurosirella
Talaroneis
Asterionellopsis

ing both data sets, as well as an event on the
branch leading to the MRCA of all diatoms
excluding Corethron and Leptocylindrus us-
ing the 9.5K data set (q = 6.4%) (Fig. 6).

DISCUSSION

Striatella Substantial variation in genome size and
Attheya chromosome number, a high rate of genome
T. oceanica size evolution, and direct observations of
Discostella polyploidization in cell cultures together
Skeletonema suggest that WGD may have been common
CyC|9t§IIa throughout the course of diatom evolution
Conticribra (Mann, 1994, 1999b; Oliver et al., 2007; von
Porosira Dassow et al., 2008; Koester et al., 2010;
Ditylum Whittaker et al., 2012). Our survey of 37 di-
Y

Chaetoceros sp. . .

. atom genomes and transcriptomes provided
Chaet. affinis . S .

. strong support for this hypothesis, identify-
Hemiaulus . ltiple li
Eucampia ing seven WGDs supported by multiple lines
Odontella of evidence and many more suggested by
Minidiscus synonymous divergence of paralogs (Figs. 3
Lampriscus and 6). Our coarse taxon sampling precluded
Rhizosolenia precise pinpointing of the timing of these
Actinocyclus events, with two strongly supported events
Stephanopyxis assigned to terminal branches that repre-
Aulacosglra sent ca. 60-100 Myr of evolutionary history
Proboscia (Fig. 6). Nevertheless, despite coarse taxon
Leptocylindrus sampling and the general challenges of work-
Corethron ing with a group of non-model organisms,
Triparma

FIGURE 6. Summary of whole-genome duplications (WGDs) across diatoms. Purple: WGDs sup-
ported by Ks-based age distributions of duplicated genes (KS). Blue: WGDs detected with gene
count data (GC). Green: WGDs inferred by reconciliation of gene trees against the singly labeled
species tree (RS) (includes both Yang and Notung results; for details, see Appendix S6). Yellow:
WGDs inferred by reconciliation of gene trees against multiply labeled trees (RM). Branches dis-
cussed in the text are labeled A-F, as shown here and in Fig. 3. Within Thalassiosirales, branch D’
denotes a GRAMPA-inferred allopolyploid clade (RM) that corresponds to the duplication peakin-
ferred from the Notung and Yang analyses (branch D). Within pennate diatoms, GRAMPA-inferred
events are added to both branches E and F to reflect uncertainty in the placement of the WGD.

We used WGDgc to test for polyploid events at several nodes
across the centric and multipolar centric diatoms. We tested two dis-
tinct hypotheses within Thalassiosirales: a prominent, Ks-inferred
WGD in Thalassiosira and the GRAMPA-inferred WGD at the
MRCA of Thalassiosira, Skeletonema, and Discostella. We detected
signal for an event within the Thalassiosira lineage (g = 1.2%) but
found no evidence for the older WGD (Fig. 6). Despite distinct Ks
peaks, we did not detect WGD events in Actinocyclus, Rhizosolenia,
or their MRCA, nor did we find support for the WGD events im-
plied by secondary Ks peaks in Corethron and Leptocylindrus.
Finally, we tested for two events supported by both reconciliation
and GRAMPA results at the MRCA of pennate+multipolar diatoms
(Figs. 3 and 5, branch C) and the MRCA of all diatoms excluding

our analyses point to an extensive history of
WGD in diatoms.

Combined genomic evidence for whole-
genome duplication in diatoms

We applied three strategies to characterize
the history of WGD across diatoms: (1) tra-
ditional Ks-based age distributions of du-
plicated genes, (2) phylogenetically based
reconciliation methods to identify nodes on
the species tree with concentrations of gene

duplications and to construct specific tests for allopolyploidy, and
(3) gene count methods, which provide conservative inferences of
WGD that are agnostic to information in the gene sequences and
gene trees. Although each of these approaches suffers some draw-
backs, we considered a putative WGD as strongly supported when
results from two or more of these three very different approaches
were in agreement (Fig. 6).

The Ks distributions showed extensive signal for WGD in our
analyses, usually identifying multiple significant Ks peaks in every
species in our analysis (Fig. 3). Although Ks distributions are use-
ful for initial explorations of duplication signal in a genome, sev-
eral general limitations of this approach led us to rely much more
heavily on gene tree reconciliations and gene count analyses. For
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example, it can be challenging, even with statistical tests, to discern
real duplication peaks in a Ks distribution. In some cases, peaks are
identified essentially by eye (Blanc and Wolfe, 2004; Fawcett et al.,
2009; Tang et al., 2010; Cannon et al., 2015), which easily becomes
an exercise in reading tea leaves. Although several statistical ap-
proaches have been adopted to identify discrete shifts or peaks in Ks
distributions (Schlueter et al., 2004; Cui et al., 2006; Vanneste et al.,
2015), it still can be challenging to distinguish WGD-derived peaks
from stochastic variation in the background rate of gene duplica-
tion. In particular, component-selection strategies such as BIC are
prone to overfitting (Naik et al., 2007; Vekemans et al., 2012), though
complementary statistical tests may ameliorate some of these issues
(Barker et al., 2008; Vekemans et al., 2012). Ks-based inferences of
ancient duplications can also be confounded by saturation at syn-
onymous sites (Vanneste et al., 2013), which should be more pro-
nounced in lineages with high substitution rates, such as diatoms
(Bowler et al., 2008). In these cases, Ks-based age distributions will
saturate sooner, erasing the signature of ancient WGDs and poten-
tially creating false signal for more recent WGDs (Vanneste et al.,
2013). On average, 45% of the paralog pairs in a given diatom spe-
cies had Ks values that are considered out of range (>2) for drawing
Ks-based inferences of WGD (Vanneste et al., 2013).

Finally, Ks distributions are generally calculated from just one
of many different available software packages that vary consider-
ably in how synonymous distances are calculated and gene fami-
lies are clustered. To the best of our knowledge, this study is one
of the first to demonstrate just how widely Ks distributions—and
the biological inferences made from them—can vary based on these
two fundamental but largely unexplored aspects of Ks-based infer-
ence of WGD. We found that BLAST-based clustering (MBA and
MGC) identified younger WGD events, whereas CD-HIT cluster-
ing (JYN and JGY) tended to identify older ones (Fig. 3), likely as a
result of creating larger “gene family” clusters with more divergent
sequences. Of course, parameters of the two clustering algorithms
could be adjusted to more closely align the size and composition of
the resulting clusters, but this still does not address how the param-
eters should be set for Ks analyses. Differences among the various
pipelines used here were evident both in broadscale trends across
species as well as within individual genomes (Fig. 3). For example, a
single strongly supported Ks peak was identified in Attheya septen-
trionalis by JGY, MBA, and MGC analyses, but the mean Ks values
indicated that different analyses either were identifying different
events or were assigning vastly different age estimates to the same
event, with mean Ks values of 1.46 vs. 0.16/0.18 for JGY and MBA/
MGGC, respectively (Fig. 3). It was not clear how best to resolve these
and many more such disparities (e.g., Cylindrotheca ] vs. M pipe-
lines, Triparma ] vs. M and JGY vs. JYN pipelines).

Gene-tree reconciliation methods allow for more precise timing
of WGDs (Durand et al., 2006; Jiao et al., 2011), naturally accom-
modate uncertainty in the data, and even allow for specific tests of
auto- vs. allopolyploidy (Thomas et al., 2017). The power of these
approaches is limited, however, by the quality of the gene trees,
which were generally poorly supported in our data sets. For the
gene trees in our 3.1K data set, the overall distribution of bootstrap
values across all nodes and trees was relatively low (median boot-
strap support = 29). A total of 68% and 80% of the nodes across gene
trees had bootstrap support lower than 50% and 70%, respectively.
Bootstrap-based rearrangement of gene trees to minimize the num-
bers of inferred duplications and losses is a common strategy for
guarding against false inferences of WGD from poorly supported

gene trees (Durand et al., 2006; Inoue et al., 2015; Thomas et al.,
2017). All of our gene trees, and a majority of nodes within our
trees, had the potential to be rearranged. Deciding on a bootstrap
threshold on which to base our inferences, therefore, depended on
our confidence in the correct reconstruction of the gene trees. The
inference of WGDs ideally should be based on strongly supported
nodes that, when reconciled against the species tree, identify dupli-
cation events (Hahn, 2007). However, the amount of data necessary
to obtain strong support for nodes depends on tree shape and the
distribution of internal branch lengths (Alfaro et al., 2003; Hahn,
2007; Philippe et al., 2011). Short internal branches can require sub-
stantial amounts of data to obtain strong bootstrap support, but the
number of phylogenetically informative characters within an indi-
vidual gene tree is clearly limited. Simulation studies have shown
that even correct nodes can receive low bootstrap values under
a variety of conditions (Alfaro et al., 2003). These considerations
highlight the difficulties in determining an empirical cutoff for what
should be considered an accurate bipartition and, by extension, the
bootstrap threshold for gene tree rearrangement for reconciliation
analyses.

Empirical and simulation studies have shown that gene count
analyses provide another powerful means of identifying WGDs
(Rabier et al., 2014; Tiley et al., 2016). The methods are conserva-
tive, however, and may fail to discern nested WGDs or WGDs fol-
lowed by high rates of gene loss (Hahn, 2007; Tiley et al., 2016). In
this regard, it is difficult to determine the number and sequence
of events underlying the Ks peaks in, for example, Talaroneis and
Asterionellopsis, which are sister taxa in our species tree (Figs. 3
and 6). Although our gene count analyses did not test for multiple
duplication events in these or any other terminal taxa, gene count
and Notung analyses highlighted very low overall rates of duplicate
gene retention (alternatively, high rates of gene loss) across diatoms.
These low retention rates likely limited the power of WGDgc to
identify WGDs in our dataset and suggest, more broadly, that high
rates of molecular and genome evolution in diatoms might rapidly
mask the signal of historic duplications and lead to underestimation
of the number of duplication events. On the other hand, high rates
of gene loss following duplication, coupled with the ignorance of
WGDgc to gene tree topology and potential asymmetric gene loss,
together increase confidence in WGDs inferred from gene count
data. Denser taxon sampling should increase the chance of detect-
ing duplications and gene losses in descendent lineages and, as a
result, possibly provide gene count support for some of the putative
terminal duplications identified in the Ks analyses.

Finally, to better contextualize the support for the WGD
events identified here, WGDs identified in lineages with many
more genomic resources (e.g., flowering plants [Tang et al., 2010;
Amborella Genome Project, 2013; Jiao et al., 2014] and fungi [Kellis
et al., 2004]) are similarly supported by multiple lines of evidence,
including synteny analyses of sequenced genomes. Lack of colline-
arity in two distantly related diatoms (C. nana and P. tricornutum)
suggested that the limited duplication signal in those species was
due to small segmental, rather than whole genome, duplications
(Bowler et al., 2008). In our Ks analyses, we only recovered strong
WGD peaks for these two species with the JYN and JGY pipelines
(Fig. 3). Moreover, the total number of duplicated genes in these ge-
nomes was low, with a maximum of just 404 paralog pairs identified
out of a total of >10,000 genes in both cases (Appendix S5). Lack of
historic WGD signal in these species could, therefore, be due to low
retention rates of duplicated genes in these two compact (<30 Mb)



genomes. Nevertheless, a fuller understanding of paleopolyploidy
in diatoms will benefit from an increased number and diversity of
high-quality genome sequences (Kellogg, 2016), though high rates
of nucleotide substitution, gene loss, and genome rearrangement
will likely prove to be persistent challenges.

Paleopolyploidy in diatoms

We identified two deep WGDs occurring roughly 200 and 170 Ma
(Fig. 6, branches A and C) that resulted in ancient polyploid ancestry
for the vast majority of diatom diversity. Although both events were
supported by multiple approaches (Fig. 6), limitations stemming
from our coarse taxon sampling made it difficult to pinpoint the
timing of these events. For example, the WGDs inferred at branches
A and C were supported by gene tree reconciliation (Fig. 4) and
gene count data (Appendix S7), and reconciliation against multiply
labeled trees clearly supported an allopolyploid mode of origin for
both events. In both cases, the second parental lineage of the allopo-
lyploid event was an extinct or unsampled lineage vaguely identi-
fied as the MRCA of all diatoms or all diatoms excluding Corethron
(Fig. 5). Although it is possible (or perhaps likely) that these ances-
tors are extinct, the fact that only two branches separate the older of
these events and the diatom stem lineage leaves open the possibility
that our sampling is too coarse for a precise determination of the
lineages involved in this allopolyploid event.

Whole-genome duplication in Thalassiosirales

Thalassiosirales is among the most common and abundant diatom
lineages in the plankton of both marine and freshwaters. It is also
a long-established, genome-enabled model system for studies of di-
atom physiology, morphology, and ecology (Guillard and Ryther,
1962; Armbrust et al., 2004; Poulsen and Kroger, 2004; Alverson
et al., 2007), and previous studies have shown substantial variation
in cellular DNA content among species (von Dassow et al., 2008;
Whittaker et al., 2012). The discovery of ancient hybridization and al-
lopolyploidy in this group further establishes it as an excellent system
for understanding genome-scale evolutionary processes in diatoms.
The signal for polyploidy within Thalassiosirales was the strong-
est recovered in our analyses, being detectable even after apply-
ing a relatively stringent (given our gene trees) 50% bootstrap
rearrangement threshold. Gene-tree reconciliation supported an
allopolyploid event involving the clade comprised of Thalassiosira,
Skeletonema, and Discostella (Fig. 6, branch D’). Uncertainty in the
species tree, however, makes it difficult to accurately circumscribe
this event. Although most nodes within the Thalassiosirales species
tree were well supported, gene tree discordance was especially high
for splits within the putatively polyploid subtree, (Skeletonema,
(Thalassiosira, Discostella)) (Appendix S3). Interestingly, the
two nodes immediately predating this clade (the MRCA of
Thalassiosirales minus Porosira and the MRCA of Thalassiosirales)
had many more concordant gene trees, suggesting that the high lev-
els of discordance in the (Skeletonema, (Thalassiosira, Discostella))
clade may reflect, at least in part, conflict resulting from past hybrid-
ization. Densely sampled phylogenies of Thalassiosirales inferred
from ribosomal RNA and chloroplast genes have produced an al-
ternative topology, ((Thalassiosira, Skeletonema), Discostella), with
Thalassiosira sister to Skeletonema (Alverson et al., 2007). If this re-
lationship is correct, the strong secondary Ks peak in Thalassiosira
and the heavily tailed Ks distribution in Skeletonema (Appendix S4)
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raise the possibility that the polyploid lineage comprises these two
lineages only, with the inclusion of Discostella representing an ar-
tifact of sparse taxon sampling and uncertainty in the species tree.

Finally, secondary peaks were evident in Ks-based age distribu-
tions of duplicated genes from both Thalassiosira and Skeletonema,
and although less pronounced, age distributions of C. nana and
Contricribra paralogs also had heavy right tails (Fig. 3; Appendix
S4). Additional taxon sampling will show whether the Ks data from
these species are indicative of a more extensive history of paleop-
olyploidy across Thalassiosirales, a hypothesis that has some sup-
port from the Thalassiosira data. Here, gene tree reconciliation
supported one deep WGD event, gene count data supported a
Thalassiosira-specific WGD, and the Ks distribution featured sev-
eral strongly supported secondary peaks (Fig. 3; Appendix S5). As
a result, we cannot rule out the possibility that the Thalassiosira
genome carries signal from two different WGD events within
Thalassiosirales—its genome, therefore, representing the product of
as many as four serial paleopolyploidy events (Fig. 6) dating back to
the common ancestor of diatoms.

Whole-genome duplication in pennate diatoms

The transition from radial to axial cell wall symmetry and from oo-
gamous to isogamous sexual reproduction were landmark events
in diatom evolution (Round et al., 1990), circumscribing a clade
whose species diversity vastly outnumbers all remaining diatoms
(Guiry and Guiry, 2017) and, as a result, motivating great interest
in identifying the underlying drivers of their diversification (Nakov
et al. 2018). We found multiple lines of evidence supporting as
many as six independent WGD events within pennate diatoms
(Figs. 3 and 6). Three of these events were supported by at least two
of the three strategies, whereas the others were suggested by Ks dis-
tributions (Fig. 3). The best-supported events included (1) a deep
split within the pennates, circumscribing nearly the entirety of the
clade (Fig. 6, branch E or F), (2) a deep split within araphid pen-
nates (Fig. 6, the MRCA of Asterionellopsis and Talaroneis), and (3)
a terminal branch representing the highly diverse navicuoloid dia-
toms, with a stem age of >100 Myr (Fig. 6, Gyrosigma). Placements
of these events suggest that the majority of pennate diatoms share
an ancient WGD, followed by multiple rounds of additional, nested
polyploidizations that have affected several subclades of pennate di-
atoms (Figs. 3 and 6). Note also that these pennate-specific events
might have occurred in addition to at least two earlier WGDs
(Fig. 4, branches A and C), analogous to the complex serial poly-
ploid ancestry of numerous angiosperm lineages (Bowers et al.,
2003; Jiao et al., 2011).

As with WGDs in other parts of the tree, a degree of uncertainty
exists with regard to the deep, nearly pennate-wide WGDs (Fig. 6,
branches E and F). Specifically, reconciliation against the species
tree and gene count analyses indicated that the most likely place-
ment of this event was at the branch representative of the MRCA
of all pennate diatoms excluding Striatella (Figs. 4 and 6, branch
E). Reconciliation against MUL trees was more equivocal, however,
supporting either this branch or the next branch up the backbone as
the likely placement of the duplication (Figs. 5 and 6, branch F). As
before, we were unable to determine whether this uncertainty was
a byproduct of our exemplar sampling, i.e., the lineages relevant for
pinpointing the placement of this event might be missing from our
data set. Alternatively, uncertainty in the species tree might be car-
ried over into the placement of this WGD. More densely sampled
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phylogenies based on conventional phylogenetic markers place
Striatella (along with Asterionellopsis and Talaroneis) within one of
two or three clades that comprise the paraphyletic araphid pennate
diatoms (Theriot et al., 2015). Phylogenomic analyses with fewer
species but more markers placed Striatella as sister to all other pen-
nate diatoms (Fig. 3 and Appendix S3; see also Parks et al. [2018]).
These competing hypotheses have important implications for our
ability to infer the location and timing of this WGD and further
highlight this part of the tree as a primary target for additional
genomic sampling.

Finally, with respect to hybridization and polyploidy, raphid
pennate diatoms have received far more attention than any other
group of diatoms (see introduction and Mechanisms of polyploid
formation in diatoms section below). There is direct evidence for
autopolyploid formation within raphid pennates in vitro (Mann,
1994; Chepurnov and Roschin, 1995) and strong genetic evidence
for natural hybrids in the few species that have been examined
(Casteleyn et al., 2009; Tanaka et al., 2015). Their unique suite of
traits, species richness, availability of established and emerging ge-
netic models, and extensive body of research on their reproductive
biology establish raphid pennates as the premier lineage for un-
covering the mechanisms and evolutionary consequences of poly-
ploidy in diatoms.

Mechanisms of polyploid formation in diatoms

Although auto- and allopolyploids are equally abundant in angi-
osperms (Barker et al., 2016), the modes of polyploid formation
in diatoms are much more poorly understood. Our results suggest
that allopolyploidy may be especially common in diatoms. There
is some genomic support for this hypothesis in the highly hete-
rozygous genome of the raphid pennate diatom, Fistulifera solaris,
which appears to be an allodiploid (Tanaka et al., 2015). The rel-
atively distant parental lineages in allopolyploid events supported
in our GRAMPA analyses appear to contrast with the low hybrid
viability (Vanormelingen et al., 2008; Casteleyn et al., 2009; Amato
and Orsini, 2015) and high levels of reproductive isolation (Amato
etal., 2007; Vanormelingen et al., 2008) seen at low taxonomic levels
in the raphid pennate genera Pseudo-nitzschia and Eunotia, though
levels of intraspecific genetic divergence in the latter are compa-
rable to intergeneric divergence levels in angiosperms (Baldwin
et al,, 1995). Incongruence between these results should be further
explored at multiple scales, using a combination of laboratory ex-
periments and comparative genomics. Comparative genomic anal-
yses involving the broader stramenopile lineage, including taxa
capable of interfamilial hybridization (Liptack and Druehl, 2000),
may provide further insight into the evolution and maintenance of
reproductive barriers and hybrid viability. Considering the time-
and labor-intensive nature of experimental reproductive studies of
diatoms (Chepurnov et al., 2004, 2008, 2012; Mann et al., 2004),
evidence for hybridization and introgression in diatoms may be
more efficiently pursued using genomic data (Mallet, 2005), em-
phasizing the need for more intensive genome sequencing projects
at lower phylogenetic scales. Candidates for such studies include
Ditylum brightwellii (Koester et al., 2010), Sellaphora (Mann et al.,
2004; Evans et al., 2008), Seminavis (Moeys et al., 2016), Pseudo-
nitzschia (Casteleyn et al., 2009; Basu et al., 2017), and Cocconeis
(Geitler, 1927, 1973). Given the strong evidence for ancient hybrid-
izations uncovered by our analyses, including in the pennate dia-
toms, it will also be important to determine the specificity of sex

pheromone systems used by pennate diatoms for mate attraction
(Sato et al., 2011; Gillard et al., 2013; Moeys et al., 2016). Finally,
although our analyses highlighted allopolyploidy as a potentially
important mode of WGD in diatoms, it is important to note that
autopolyploidy may be shown to be equally, if not more, common
with increased sampling. Autopolyploid formation has been di-
rectly observed in vitro for several different species of raphid pen-
nate diatoms (Geitler, 1927; Mann and Stickle, 1991; Mann, 1994;
Chepurnov and Roschin, 1995; Chepurnov et al., 2002).

A number of observed meiotic anomalies suggest that diatom
polyploids could form in a variety of ways. First, meiotic nonreduc-
tion, which is thought to be the predominant mode of polyploid
formation in plants (Thompson and Lumaret, 1992; Ramsey and
Schemske, 1998), likely occurs in diatoms as well. Although the rate
of meiotic nonreduction in diatoms is unknown, Mann (1994) ob-
served that failed cleavage in gametangia of the raphid pennate di-
atom, Dickea ulvacea, led to the formation of “double gametes” that
produced a dikaryotic, triploid-like zygote following fusion with a
reduced gamete. “Centric” diatoms may also be prone to cleavage
failure (von Dassow et al., 2008). Second, although polyspermy is
thought to occur rarely in plants (Ramsey and Schemske, 1998),
triploid and tetraploid zygotes have been produced from simul-
taneous gamete fusions in culture studies of several raphid pen-
nate diatoms (Geitler, 1927; Mann and Stickle, 1991; Mann, 1994;
Chepurnov and Roschin, 1995; Chepurnov et al., 2002), suggesting
that this may be a principal pathway to polyploidization in diatoms.
These studies have found mixed populations of co-occurring hap-
loid, triploid, and tetraploid zygotes following one or two rounds
of crossing in culture, suggesting that two-step, “triploid-bridge”
routes to stable polyploidy may be more common in diatoms than
other groups (Ramsey and Schemske, 1998). These hypotheses fur-
ther underscore the value of the experimental reproductive studies
in diatoms that initially led to these discoveries. Extending these
studies to include longer-term tracking of in vitro polyploids will
help clarify the long-term viability and reproductive dynamics of
vegetative haploids, triploids, and tetraploids, thereby distinguish-
ing culturing anomalies from observations that hint at the natural
frequencies and mechanisms of polyploid formation in diatoms.

CONCLUSIONS

The phylogenomic results presented here provide strong initial sup-
port for a history of paleopolyploidy in diatoms that, with increased
taxonomic sampling, will likely prove to be more extensive than what
was uncovered with our coarse sampling. Although WGD may be
common in diatoms, its roles in speciation, lineage diversification,
trait and life history evolution, and habitat shifts remain unknown.
Establishing these associations, and further establishing causal links
between WGD and any potential evolutionary consequences, are
notoriously challenging problems, even with the benefit of data sets
much larger than those available for diatoms (Kellogg, 2016; Panchy
etal,, 2016). As with all species-rich and ecologically diverse groups,
however, establishing these links, if they do indeed exist, represents
an important direction in evolutionary research of diatoms.
Extending our sampling to more fully capture the broad ecolog-
ical diversity of diatoms across environmental gradients in temper-
ature, pH, and salinity will help show how consequential WGDs
have, or have not, been in the ecological and evolutionary diver-
sification of diatoms. A larger comparative framework and a more



precise reconstruction of the pattern and timing of paleopolyploid
events—coupled with laboratory experiments—will show whether
physiological shifts, either in short-term stress responses or in ma-
jor habitat transitions, have been facilitated by genetic novelties
introduced by gene or genome duplication. Compared to their dip-
loid progenitors, for example, polyploid Arabidopsis have increased
tolerance to salinity (Chao et al., 2013), which is one of the princi-
pal ecological divides in diatoms and other microbial eukaryotes
(Round and Sims, 1980; Mann, 1999a; Logares et al., 2009).

Finally, our results highlight several important gaps in our un-
derstanding of diatom genomes. For example, for a group of this
size and diversity, very few karyotypes and genome size estimates
are available. The few data points that we do have, however, point
to a level of genomic diversity and complexity that is proportional
to their many other, and much better known, layers of morphologi-
cal and ecological diversity (Kociolek and Stoermer, 1989; Connolly
et al., 2008). As genomic data for diatoms continue to accumulate,
a coordinated effort to establish a reference genome data set that
better captures their phylogenetic and ecological diversity, similar
to the current call for angiosperms (Galbraith et al., 2011), is neces-
sary to fully understand the evolution of genome size, structure, and
ploidy in diatoms. Although genome size data are few, cell size data
are available for every described diatom species and so could help
guide these efforts (Connolly et al., 2008). Finally, although diatoms
are generally assumed to be diploid, very little is known about nat-
ural variation in ploidy levels. Although very few species have been
surveyed for intraspecific variation in genome size and ploidy, the
data that are available (Geitler, 1973; Koester et al., 2010) suggest
that polyploidy may be an important driver of speciation in diatoms.
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