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Significance

 The tree of life is dotted with 
inflection points that changed the 
course of evolution for some 
lineages, with vast amounts of 
morphological diversity and 
species richness generated in 
short periods of time. We 
combined fossil information with 
thousands of genes to 
reconstruct the evolutionary 
history of diatoms, a species-rich 
lineage of photosynthetic algae 
that produce 20% of Earth’s 
oxygen and form the base of 
aquatic food webs. Fossil-
informed phylogenomics showed 
that the first 100 My of diatom 
evolution were highly 
constrained, but this long and 
slow start set the stage for a 
burst of innovations in ecology, 
morphology, and life history that 
are hallmarks of modern 
diatoms.
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Evolution is often uneven in its pace and outcomes, with long periods of stasis inter-
rupted by abrupt increases in morphological and ecological disparity. With thousands 
of gene histories, phylogenomics can uncover the genomic signatures of these broad 
macroevolutionary trends. Diatoms are a species- rich lineage of microeukaryotes that 
contribute greatly to the global cycling of carbon, oxygen, and silica, which they use 
to build elaborately structured cell walls. We combined fossil information with newly 
sequenced transcriptomes from 181 diverse diatom species to reconstruct the pattern, 
timing, and genomic context of major evolutionary transitions. Diatoms originated 270 
Mya, and after >100 My of relative stasis in morphology and ecology, a radiation near the 
Jurassic–Cretaceous boundary led to the diversity of habitats and cell wall architectures 
characteristic of modern diatoms. This transition was marked by a genome duplication 
and high levels of gene tree discordance. However, short generation times increase the 
probability of coalescence between speciation events, minimizing the impacts of incom-
plete lineage sorting and implicating sequence saturation and gene tree error as the 
main sources of discordance. Nevertheless, a rigorous tree- based approach to ortholog 
selection resulted in strongly supported relationships, including some that were uncer-
tain previously. Three pulses of accelerated speciation were detected, two of which were 
associated with the evolution of novel traits and ecological transitions. The first 100 My 
of diatom evolution was a slow- burning fuse that led to a burst of innovations in ecology, 
morphology, and life history that are hallmarks of contemporary diatom assemblages.

concordance | discordance | diversification | incomplete lineage sorting | microbes

 The evolutionary process conceived by Darwin was one of slow and gradual change, 
prompting fantastical explanations for examples that countered his theory, such as the 
sudden rise of angiosperms in the fossil record ( 1 ). Although the tree of life contains 
countless gradually evolving, stalwart lineages of the kind imagined by Darwin, a relatively 
small number of clades comprise a disproportionate share of Earth’s diversity ( 2 ), high-
lighting unevenness in the pace and outcomes of evolutionary change. Characterizing 
diversification dynamics through time—and correlating them with genomic changes, 
environmental transitions, or character innovations—are principal goals of modern mac-
roevolutionary biology. We understand now, for example, that the rapid diversification 
of angiosperms observed by Darwin was not a singular event but involved repeated bursts 
of speciation linked to intrinsic and extrinsic factors ( 3     – 6 ). Patterns like these have inspired 
general models that describe, in one form or another, periods of relative stasis separated 
by abrupt increases in rates of speciation or innovation ( 7   – 9 ).

 Diversification histories are commonly inferred from species phylogenies based on a 
handful of genes that resolve some relationships but fail to resolve others. This has given 
the impression that hard phylogenetic problems—like rapid diversification events—can 
be resolved with more data ( 10   – 12 ). The introduction of genome-scale datasets to phy-
logenetics has shown, however, that some relationships are virtually unresolvable because 
of conflicting signal (discordance) in the underlying gene histories ( 11 ,  13 ). High levels 
of discordance often coincide with rapid radiations, morphological innovations, or the 
emergence of major clades ( 14 ), so identifying the causes of discordance can reveal sources 
of adaptive evolution or population-level processes underway during key points in the 
history of a lineage ( 15 ,  16 ).

 We constructed a large phylogenomic dataset to characterize the pattern, timing, and 
genomic context of major transitions in diatom evolution. Diatoms are eukaryotic microal-
gae that play cornerstone roles in marine and freshwater ecosystems. Photosynthesis by D
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diatoms produces an estimated 20% of Earth’s oxygen, driving 
the “biological pump” that exports fixed atmospheric carbon to 
the sea floor ( 17 ). Their storage products include long-chain fatty 
acids, making diatoms a preferred food source for invertebrate 
grazers and placing them at the base of aquatic food webs ( 18 ). 
The elaborate shapes and patterns of their silicon-based cell walls 
provide the basis for identifying and classifying an estimated 
30,000 to 200,000 diatom species ( 19 ,  20 ). This stands in stark 
contrast to their sister lineage, Parmales, which includes fewer 
than a dozen species ( 21 ). Despite their global ecological impor-
tance and outsized species richness, our understanding of the 
diatom phylogeny is based on a small number of genes ( 22 ). 
Genome-scale sequencing efforts, meanwhile, have focused almost 
exclusively on marine planktonic species ( 23 ), which represent a 
small fraction of diatom diversity ( 24 ). We sequenced transcrip-
tomes for 181 diatom species representing 132 genera. Taxon 
sampling extended beyond the marine plankton to include species 
from freshwater, brackish, and terrestrial ecosystems; benthic and 
epiphytic habitats; and species with novel metabolism or pigmen-
tation. Phylogenomics showed that, after a slow start, a rapid 
radiation gave rise to the extraordinary diversity in habitats and 
cell wall architectures characteristic of modern diatoms. 

Results

High- Quality Transcriptomes for Diverse Diatoms. We generated 
transcriptomes for 181 diatom species from diverse habitats 
and ecosystems (Fig. 1A). Representation of nonmarine species 
increased by >50- fold and benthic species by nearly 10- fold 
(Fig. 1A). These increases largely reflected targeted sampling of 
pennate diatoms, which were undersampled previously (25). The 
number of genera available for phylogenomic analysis increased 
from 43 to 175 (Fig. 1A). New transcriptomes (n = 181) were added 
to previously sequenced genomes (n = 15) and transcriptomes  
(n = 88) for a total dataset size of 284 taxa (Fig. 1A).

 Transcriptomes from nonmodel organisms present challenges 
for assembly of sequencing reads, transcript redundancy, and 

ortholog identification, but pipelines that address these issues have 
encouraged widespread use of de novo transcriptomes in phyloge-
netics ( 26 ,  27 ). After aggressive filtering, the newly sequenced 
transcriptomes recovered, on average, 69% of conserved eukary-
otic orthologs (BUSCOs;  Fig. 1B  ) and 82% of stramenopile 
BUSCOs ( Fig. 1C  ). For comparison, reference genomes from 
diatoms and other stramenopiles contained, on average, 80% 
eukaryotic and 95% stramenopile BUSCOs ( Fig. 1 B  and C  ).  

The Diatom Tree of Life. Twenty- four datasets ranging in size from 
127 to 2,890 orthologs were assembled using different cutoffs 
for species representation (taxon occupancy) and phylogenetic 
signal within each ortholog (SI Appendix, Table S1). For some 
datasets, an additional quality- filtering step removed orthologs 
that failed to recover two clades with indisputable evidence for 
monophyly: Thalassiosirales and raphid pennates (28). Datasets 
ranged in size from 41,732 to 714,629 aligned amino acids for 
phylogenetic analysis.

 Species trees were reconstructed using gene tree summary meth-
ods with ASTRAL or maximum likelihood analysis of concate-
nated orthologs with IQ-TREE (SI Appendix, Table S1 ). Tree 
topologies varied based on dataset and optimality criterion 
(SI Appendix, Fig. S1 ), with most of the variation caused by insta-
bility among the major lineages of polar centrics (Mediophyceae) 
and a subset of raphid pennates (SI Appendix, Figs. S2 and S3 ). 
Alternative topology tests of the mediophyte arrangements sup-
ported species trees inferred by maximum likelihood analysis with 
profile mixture models and orthologs that passed the monophyly 
filtering step described above ( Fig. 2  and SI Appendix, Table S2 ). 
Mappings of key traits onto this topology are shown in SI Appendix, 
Fig. S4 .        

 Several key relationships resolved identically in all analyses 
(SI Appendix, Fig. S2 ). All trees recovered the same paraphyletic 
arrangement of the oogamous and predominantly marine plank-
tonic radial centric diatoms as the earliest splits in the tree. 
 Corethron  was sister to all diatoms, followed by a grade of 
Leptocylindrales and two clades of radial centrics (e.g., Paralia , 
 Rhizosolenia , and Coscinodiscus ) ( Fig. 2 : clades 1 to 4). Although 
most lineages of polar centrics were consistently recovered as 
monophyletic, the arrangements of those lineages—particularly 
the placements of Attheya  and Toxariales—were among the least 
stable (SI Appendix, Fig. S2 ). The causes of this uncertainty are 
discussed below.

 The transitions from oogamous to isogamous gametes and 
radial to bilateral cell symmetry in the common ancestor of ara-
phid pennates, followed by the evolution of gliding motility in 
raphid pennates, represent some of the most consequential events 
in diatom evolution (SI Appendix, Fig. S4 , ref.  29 ). All analyses 
recovered monophyletic pennates ( Fig. 2 : araphid + raphid pen-
nates) and raphid pennates ( Fig. 2 : clade 10). The species- 
depauperate Striatellales has been notoriously difficult to place 
phylogenetically ( 22 ,  28 ). With genome-scale data for Striatella  
and Pseudostriatella , this lineage was placed unambiguously as lone 
sister to the pennate clade ( Fig. 2 : clade 7). Including Striatellales, 
araphid pennates were paraphyletic and divided among three 
clades ( Fig. 2 : clades 7 to 9).

 The raphe (SI Appendix, Fig. S4 ) is a key innovation that enables 
cellular locomotion, and most raphe-bearing diatoms have a raphe 
on each half of their bipartite cell wall. Within raphid pennates, 
the deepest splits were resolved consistently across analyses and 
comprised a paraphyletic grade of Eunotiales, Amphora , Bacillariales, 
and one of many naviculoid clades ( Fig. 2  and SI Appendix, 
Figs. S3–S5 ). One of the two raphes was lost three times inde-
pendently ( Fig. 2A  , Achnanthales), and a separate loss of the entire 
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Fig. 1.   High- quality transcriptomes from ecologically and phylogenetically 
diverse diatoms. Numbers represent total diatom strains, most of which are 
distinct species (A). Transcriptomes recovered a large percentage of conserved 
eukaryotic (B) and stramenopile (C) orthologs (BUSCOs). The estimated 
completeness of newly sequenced transcriptomes compared favorably to 
reassembled diatom transcriptomes from the MMETSP (23).D
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raphe system occurred in the cave-dwelling genus, Diprora  ( 30 ). 
In terms of species richness and biological innovations, Bacillariales 
represents one of the most remarkable diversifications among all 

diatoms ( 31 ). Despite strong evidence for monophyly from their 
raphe structure, phylogenetic studies paradoxically have recon-
structed nonmonophyletic Bacillariales ( 31 ). Our analyses resolved 
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Fig. 2.   The diatom tree of life. Relationships are based on maximum likelihood analysis of 240 genes and 171,434 amino acids under the LG+PMSF(C20)+F+G 
model. Ten numbered clades are highlighted to facilitate discussion. (A) Order- level phylogeny with major groups identified by common name. (B) Time- calibrated 
phylogeny. Node bars represent CI of divergence time estimates. Geologic periods are indicated as: P (Permian), Tr (Triassic), J (Jurassic), K (Cretaceous), Pg 
(Paleogene), and Ng (Neogene). Scanning electron microscope images show representative diatom species. Fully labeled phylogram and chronogram figures 
are available as SI Appendix, Figs. S5 and S6.
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this anomaly, placing Craspedostauros , Achnanthes , and Staurotropis  
outside and sister to a monophyletic Bacillariales in all but three 
species trees (SI Appendix, Fig. S3 ).  

The Long Road to Innovate. With 18 validated fossil calibrations 
(32) and 44 clocklike genes, the diatom crown age was estimated 
as 260 to 286 Ma ( x = 271 ) (Fig. 2 and SI Appendix, Fig. S6). 
The first roughly 100 My of diatom evolution was limited to taxa 
with relatively uniform reproduction (oogamy), cell architecture 
(rotational symmetry), and ecology (marine plankton, with limited 
incursions into freshwater) (Fig. 2: clades 1 to 4). The split between 
these and remaining diatoms, which capture the vast share of their 
ecological and morphological diversity, occurred roughly 165 Mya 
(Fig.  2: clades 5 to 10). The diversity of shapes, polarities, and 
ultrastructural features of their siliceous cell walls are hallmarks 
of modern diatoms, and most of this diversity traces to the rapid 
succession of splits leading to the major lineages of polar centric and 
early pennate diatoms around the Jurassic- Cretaceous boundary 
roughly 156 to 130 Mya (Fig. 2). This includes the transition from 
oogamy to isogamy, and rotational to bilateral symmetry, that 
occurred 140 Mya in the common ancestor of pennate diatoms 
(Fig. 2: clades 7 to 10). This was followed by the origin of raphe- 
enabled locomotion 104 Mya (Fig. 2: clade 10).

Key Transitions Are Associated with High Levels of Discordance. 
The 24 inferred species trees showed important differences in 
topology (SI  Appendix, Figs.  S1–S3) caused by disagreement 
among orthologs (gene discordance) and amino acid sites (site 
discordance) in some parts of the tree. Relationships that resolved 
identically across all trees had greater gene and site concordance 
(Fig. 3 A–D and SI Appendix, Fig. S7). The deepest splits had 
modest concordance levels, and concordance generally increased 
toward the present (Fig. 3C and SI Appendix, Fig. S7). Areas of 
exceptionally low concordance were concentrated around nested 
branches that split in rapid succession. Two parts of the tree stood 
out in this regard.

 Numerous innovations poured out from the eventual diversi-
fication of polar-centric diatoms. As shown by their overlapping 
age estimates, the major lineages of polar centrics originated within 
a short timespan ( Fig. 3C  : circles). This rapid diversification was 
marked by some of the lowest levels of gene and site concordance 
( Fig. 3C   and SI Appendix, Fig. S7 : circles) and, consequently, rela-
tionships in this part of the tree were among the most difficult to 
resolve (SI Appendix, Fig. S2 ). Finally, although the deepest bipar-
titions in the raphid pennate clade were well resolved, many of 
the more recent backbone splits were not (SI Appendix, Fig. S3 ). 
These, too, had among the lowest gene and site concordance fac-
tors ( Fig. 3C   and SI Appendix, Fig. S7 : diamonds).  

Discordance Is Associated with Low Phylogenetic Signal and 
High Sequence Saturation. Discordance can have biological causes 
such as incomplete lineage sorting (ILS) or technical causes such as 
error in reconstructing gene trees. ILS will be problematic when 
polymorphism levels are high (e.g., with large populations or high 
mutation rates) or when polymorphisms have insufficient time 
between speciation events to become fixed (e.g., when generation 
times are long). We performed two sets of simulations to test 
whether the discordance observed here was due to ILS. First, we 
simulated gene trees under a range of values for theta (4 Neμ) and 
calculated Robinson–Foulds distances between the species tree and 
simulated gene trees. Across a range of realistic values for theta, 
levels of discordance in simulated datasets (including ones that 
incorporated gene tree error) were in all cases substantially lower 

than observed levels (Fig.  3D). Next, we simulated gene trees 
under a range of plausible mutation rates and generation times, 
but here, too, the average discordance in simulated datasets was 
far lower than we observed empirically (Fig. 3E). Taken together, 
models based on relevant population genetic parameters suggest 
that ILS is not an important source of discordance in diatoms and 
probably other microbes as well. Partitioning of gene concordance 
factors at recalcitrant nodes suggested most discordance was due 
to paraphyly (SI Appendix, Fig. S7A, high gDFP) rather than bias 
toward particular alternative topologies (SI Appendix, Fig. S7A, 
low gDF1 and gDF2), highlighting low phylogenetic signal as the 
source of discordance rather than a biological cause.

 Next, we explored whether two common causes of error in gene 
tree estimation—lack of phylogenetic signal and sequence satu-
ration—contributed to gene tree discordance. To determine 
whether our dataset had sufficient phylogenetic information to 
resolve recalcitrant nodes, we estimated how much information 
was necessary to resolve each node in the species tree by simulating 
1,290 alignments and subsetting them to produce replicate data-
sets of size 5 to 1,290 loci ( 33 ,  34 ). We constructed a species tree 
for each simulated dataset and recorded the minimum number of 
loci necessary to recover each branch across 100% of the replicates 
in each dataset size class. Some branches were resolvable with 
traditionally sized datasets (5 to 10 loci), and most were resolvable 
with fewer than 200 loci ( Fig. 3A  ). Recalcitrant polar centric 
branches required 500 to 1,000 loci, including the branch placing 
 Attheya+ Biddulphiales sister to pennates ( Fig. 3A  : circles). 
Branches surrounding Toxariales were never consistently recov-
ered, even with 1,290 loci. Recalcitrant raphid pennate nodes all 
required ≥500 loci to resolve, and one branch was unresolvable 
with 1,290 loci ( Fig. 3A  : diamonds).

 We then explored whether sequence saturation, where sites in 
the genome experience multiple substitutions that overwrite true 
phylogenetic signal, was a possible source of gene tree error. In 
saturated datasets, substitution models will not fully compensate 
for overwritten substitutions, so correlations of pairwise model- 
corrected versus raw genetic distances between species will be low 
( 11 ). We calculated the slope of the regression between these two 
distance measures for each ortholog and found low slopes consist-
ent with strong sequence saturation across nearly all loci ( Fig. 3B  ). 
The joint effects of a rapid radiation, lack of phylogenetic infor-
mation, and sequence saturation were likely contributors to error 
in reconstructing gene trees and, consequently, some species 
relationships.  

Net Diversification Rates Are Lowest in Radial Centric and 
Highest in Pennate Diatoms. A character- independent measure 
of species diversification showed that net diversification (speciation 
minus extinction) and turnover (speciation plus extinction) were 
lowest in the radial centric lineages (Fig.  4). Pennate diatoms 
experienced an overall increase in the rate of speciation that, in 
general, was not balanced by increases in the rate of extinction 
(Fig. 4). Three clades showed exceptionally high levels of both 
net diversification and net turnover. One rate shift occurred in 
Thalassiosirales, a lineage noteworthy for its high abundance 
in the global ocean (35), repeated colonizations of freshwaters 
(36), and possession of a unique structure that facilitates colony 
formation and buoyancy control through the production of β- 
chitin threads (37, 38). Here, however, the turnover signal was 
not consistent across all bootstrap trees (Fig.  4B, yellow and 
purple lines in Thalassiosirales), highlighting the importance of 
accounting for topological uncertainty in diversification analyses. 
Two other rate increases occurred within the raphid pennate 
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clade, a lineage of predominantly benthic species already known 
to have an increased diversification rate associated with the 
raphe (SI Appendix, Fig. S4), a structure that enables attachment 
and active locomotion along substrates (29). One upward shift 
occurred in a subclade of Bacillariales marked by adaptations to 
two recent ecological transitions—one involving the evolution of 

ice- binding proteins coincident with the colonization of polar ice 
habitats in Fragilariopsis (39) and a second involving the evolution 
of toxin production associated with secondary recolonization of 
the plankton in Pseudo- nitzschia (40). A third rate shift occurred 
in a clade of Naviculales that includes the model species, Seminavis 
robusta (41).
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The Diatom Classification System Is Broken. The current 
class-  and order- level taxonomic classifications of diatoms 
are poor surrogates for phylogenetic diversity. Our analyses 
decisively divided Coscinodiscophyceae (radial centrics) into a 
grade of four separate lineages (Fig. 2, clades 1 to 4). Although 
four analyses recovered a monophyletic Mediophyceae (polar 
centrics), the remaining 20 analyses placed Attheya and relatives 
outside mediophytes (Fig.  2 and SI  Appendix, Fig.  S2). The 
currently recognized pennate diatom class (Bacillariophyceae) is 
monophyletic. We adopted the National Center for Biotechnology 
Information’s widely used Taxonomy database to illustrate the 
mismatch between the phylogeny and order- level classification, 
and among the 34 taxonomic orders of diatoms in the dataset, 
14 of them were nonmonophyletic and spread across two to as 
many as nine distinct clades. Some orders were divided between 
different taxonomic classes (Fig. 2A).

Discussion

 Species trees inferred from genome-scale datasets provide near 
certainty in some relationships and highlight evolutionary inflec-
tion points that make other relationships difficult, if not impos-
sible, to resolve ( 16 ). The influx of phylogenomic data presented 
here advanced our understanding of the diatom phylogeny beyond 
what was possible with a small number of genes. Resolving some 
relationships, such as the placement of Striatellales next to pen-
nates or the recovery of Bacillariales as monophyletic, simply 
required more data. Other historically recalcitrant relationships, 
such as the placement of Toxariales ( 42 ,  43 ), are less certain, but 
the thousands of genes analyzed here revealed why. Toxariales is 
one of several lineages descended from the near-simultaneous 
diversification of polar centric and pennate diatoms, which 
together account for the vast share of diatom diversity in life his-
tory, morphology, ecology, reproductive biology, and species rich-
ness ( 19 ). Genome duplications have preceded the origins or 
diversifications of major plant and animal groups ( 4 ,  44 ), and 
similarly, a genome duplication was predicted in the common 

ancestor of polar centric and pennate diatoms ( 45 ). Identifying 
the duplicated genes and pathways that trace back to this event 
may shed light on one of the most pivotal periods of diatom 
evolution.

 The diversification of polar centrics was marked by high levels 
of gene tree discordance, which has been linked to morphological 
innovations and the emergence of major plant and animal clades 
( 5 ,  14 ,  46 ). Discordance was also rife in the rapid diversification 
of a subclade of raphid pennates whose members include the 
 morphologically derived Surirellales; asymmetrically shaped, 
tube-forming Cymbellales; and species that lost one or both 
raphes. Although genome duplication may have contributed to 
conflict in deep polar centric branches ( 16 ), simulations param-
eterized with realistic values for effective population size, mutation 
rate, and generation time suggest that another biological source 
of conflict, ILS, is unlikely for diatoms and other microbes, setting 
them apart from plants and animals with longer generation times 
or smaller effective population sizes ( 13 ). Our simulations assumed 
uniform population genetic properties across the tree and through 
time, which is probably unrealistic for a group as large and diverse 
as diatoms. As a result, some parts of the tree may be more 
 susceptible to ILS, including branches with discordance factors 
showing substantial, near-equal support for specific alternative 
relationships (e.g., Surirella+Campylodiscus ) ( 47 ). Introgression is 
another potential source of conflict in diatoms ( 48 ) but at deep 
phylogenetic scales, most conflict appears to be due to error in 
gene tree reconstruction caused by low phylogenetic signal and 
high sequence saturation ( 25 ,  36 ).

 The phylogeny and genomic data presented here provide a foun-
dation for identifying the developmental enablers, key characters, 
and environmental drivers of diatom diversification ( 49 ). This is 
challenged, however, by our limited understanding of the func-
tional morphology and adaptive significance of most cell wall 
structures. To the extent that shape itself is important, the transi-
tion from scaled auxospores to ones with perizonial bands and 
incunabular strips allowed for reshaping of ancestral rotationally 
symmetric cells into complex multipolar ( Fig. 2 : clades 5 and 6) 

Fig. 4.   Species diversification and turnover are lowest in radial centric diatoms and highest in pennate diatoms. (A) Three pulses of net diversification (speciation 
minus extinction) occurred in marked lineages. (B) Net turnover (speciation plus extinction) was also highest in Bacillariales and Naviculales but was sensitive to 
tree topology in Thalassiosirales. The analysis was run on 100 bootstrap trees that captured topological uncertainty within polar centrics and raphid pennates.
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and longitudinal forms ( Fig. 2 : clades 7 to 10) ( 19 ,  50 ). This was 
followed by the evolution of other structures whose arrangements 
track cell polarity, such as the ocelli of Pleurosira , pseudocelli of 
 Biddulphia , and setae of Chaetoceros  ( Fig. 2  and SI Appendix, 
Fig. S4 ). Finally, taxonomic classifications are often used as sur-
rogate measures of biodiversity ( 51 ). The results presented here 
highlight the need to establish a phylogenetic classification of 
diatoms that better reflects their evolutionary history.

 Diatoms have numerous features that distinguish them from 
their closest relatives ( 52 ,  53 ) and may be associated with their 
vast species richness and global biomass ( 54 ). At least two of these 
features—a bipartite cell wall and diplontic life cycle—were 
already present in the common ancestor of extant diatoms. 
Nevertheless, the genomic resources and time-calibrated phylog-
eny presented here suggest the first 100 My of diatom evolution 
was relatively constrained, limited mainly to rotationally symmet-
ric taxa in the marine environment. Although the rich Cenozoic 
fossil record of diatoms has provided insights into broad macro-
evolutionary trends ( 29 ,  55 ), the earlier record is either sparse 
(Cretaceous) or nonexistent (Jurassic and below) ( 56 ,  57 ), so we 
cannot rule out that extinction erased a greater degree of morpho-
logical and ecological diversity than suggested by analyses of extant 
species only ( 56 ,  57 ). The oldest fossil diatom deposits from the 
Lower Cretaceous contain dozens of morphologically diverse 
radial and polar centric species which, together with the results 
presented here, point to a much deeper history than captured by 
the existing fossil record alone ( 57 ). Fossil-informed phylogenom-
ics of diatoms suggest an extended early phase of limited innova-
tion—consistent with a long but not invisible fuse ( 8 )—which 
set the stage for a series of diversifications that led to their extraor-
dinary species richness, morphological and genomic complexity, 
and rise to prominence in aquatic ecosystems worldwide.  

Materials and Methods

A detailed overview of the methods is available as SI Appendix and through a 
permanent online Zenodo repository (58). Culture metadata and database acces-
sion numbers for sequencing reads are available in Dataset S1. Alignments, ort-
holog trees, and species trees necessary to replicate these analyses are available 
on Zenodo.

Laboratory Methods. Individual cells were isolated from environmental sam-
ples or procured from culture collections and grown in conditions matching their 
native environment. Total RNA was extracted from cells in exponential growth, 
and stranded mRNA libraries were sequenced on the Illumina DNA sequencing 
platform.

Transcriptome Processing and Ortholog Selection. Transcriptome assembly 
and filtering steps were performed for newly generated transcriptomes and, to 
improve and standardize assemblies, Marine Microbial Eukaryote Transcriptome 
Sequencing Project (MMETSP) transcriptomes (23). Processing and assembly of 
RNA- seq reads followed the Oyster River Protocol (59). Transcriptome filtering 

and ortholog selection followed a modified version of the phylogenomic pipe-
line of Yang and Smith (26), which was designed to overcome the challenges of 
de novo transcriptomes from nonmodel organisms. Transcriptome quality and 
completeness was estimated with BUSCO (60).

Orthologs were selected for phylogenetic analyses based on cutoffs for taxon 
occupancy and proportion of parsimony- informative sites (SI Appendix, Table S1). 
Two lineages, Thalassiosirales and raphid pennates, have unequivocal evidence 
for monophyly from morphological synapomorphies and decades of phylogenetic 
work (28). An additional topology- based filtering step removed orthologs that 
failed to recover monophyly of these groups due to weak or misleading signal.

Species Trees and Coalescent Simulations. Species trees were inferred using 
gene tree summary methods with ASTRAL (61) or ASTRAL- Pro (62) and maxi-
mum likelihood analysis of concatenated ortholog matrices with IQ- TREE (63). 
Maximum likelihood analyses used standard models and profile mixture models, 
some with Posterior Mean Site Frequency (PMSF) approximation (64), to account 
for among- site heterogeneity in amino acid composition (64, 65). These models 
do not account for rate or compositional heterogeneity across lineages, however. 
Coalescent simulations were performed with DendroPy (66) and IQ- TREE.

Divergence Times. An extensive survey identified strongly supported diatom 
fossils for calibration of molecular clocks (32). From these, we identified 18 clades 
with ≥2 fossils suitable for estimating minimum and maximum bounds of clade 
ages (SI Appendix, Fig. S8 and Table S3). Divergence times were estimated with 
treePL (67) on 100 bootstrap trees that captured diverse resolutions of medio-
phyte and raphid pennate relationships, accounting for uncertainty in these and 
other parts of the tree (Fig. 4).

Diversification Analysis. Rates of net diversification were estimated using the 
trait- independent model implemented in MiSSE (68). The results were summa-
rized across 100 time- calibrated bootstrap trees to account for uncertainty in 
the tree topology.

Data, Materials, and Software Availability. Sequencing reads were deposited 
in NCBI’s SRA database under BioProject PRJNA1086848 (69). Data, code, and 
GitHub links to specific analyses are available from Zenodo (58).
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