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Dinoflagellates of the family Symbiodiniaceae are predominantly essential symbionts of 
corals and other marine organisms. Recent research reveals extensive genome sequence 
divergence among Symbiodiniaceae taxa and high phylogenetic diversity hidden behind 
subtly different cell morphologies. Using an alignment-free phylogenetic approach based 
on sub-sequences of fixed length k (i.e. k-mers), we assessed the phylogenetic signal 
among whole-genome sequences from 16 Symbiodiniaceae taxa (including the genera 
of Symbiodinium, Breviolum, Cladocopium, Durusdinium and Fugacium) and two strains 
of Polarella glacialis as outgroup. Based on phylogenetic trees inferred from k-mers in 
distinct genomic regions (i.e. repeat-masked genome sequences, protein-coding 
sequences, introns and repeats) and in protein sequences, the phylogenetic signal 
associated with protein-coding DNA and the encoded amino acids is largely consistent 
with the Symbiodiniaceae phylogeny based on established markers, such as large subunit 
rRNA. The other genome sequences (introns and repeats) exhibit distinct phylogenetic 
signals, supporting the expected differential evolutionary pressure acting on these regions. 
Our analysis of conserved core k-mers revealed the prevalence of conserved k-mers 
(>95% core 23-mers among all 18 genomes) in annotated repeats and non-genic regions 
of the genomes. We observed 180 distinct repeat types that are significantly enriched in 
genomes of the symbiotic versus free-living Symbiodinium taxa, suggesting an enhanced 
activity of transposable elements linked to the symbiotic lifestyle. We provide evidence 
that representation of alignment-free phylogenies as dynamic networks enhances the 
ability to generate new hypotheses about genome evolution in Symbiodiniaceae. These 
results demonstrate the potential of alignment-free phylogenetic methods as a scalable 
approach for inferring comprehensive, unbiased whole-genome phylogenies of 
dinoflagellates and more broadly of microbial eukaryotes.
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genome evolution
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INTRODUCTION

Dinoflagellate algae in the family Symbiodiniaceae are 
extensively studied because they ‘power’ (through the provision 
of photosynthates) coral reefs and other marine taxa that 
often inhabit oligotrophic environments. This family 
encompasses a broad spectrum of symbiotic associations with 
varied host specificity (González-Pech et  al., 2019) and plays 
a direct role in coral resilience by conferring differential 
thermal tolerance and influencing colony growth rate (Baker, 
2003; Ortiz et  al., 2013; D’Angelo et  al., 2015). Some 
Symbiodiniaceae do not associate with a host and are believed 
to be  free-living. Our understanding of Symbiodiniaceae 
diversity has long been complicated by their subtly different 
unicellular morphologies. These taxa were once assumed to 
be  a single panmictic species, colloquially known as 
‘zooxanthellae’ or as the single genus ‘Symbiodinium’. The 
more-recent use of molecular markers, in combination with 
morphological and ecological data, better captured the true 
diversity of these taxa as the family Symbiodiniaceae (LaJeunesse 
et  al., 2018); of the 15 clades described, 11 to date have 
been formally described as distinct genera (LaJeunesse et  al., 
2018, 2021; Nitschke et  al., 2020; Pochon and LaJeunesse, 
2021). The commonly used molecular markers for genotyping 
Symbiodiniaceae symbionts include large subunit ribosomal 
RNAs, the internally transcribed spacer (ITS) regions and 
plastid 23S rRNAs (Cunning et  al., 2017; Hume et  al., 2018; 
LaJeunesse et al., 2018). The concatenated multi-gene approach 
was also used to assess phylogenetic diversity within this 
group (Pochon et  al., 2014; Pochon et  al., 2019). These 
approaches are based on the implicit assumption that the 
evolutionary history of the chosen markers faithfully reflects 
Symbiodiniaceae evolution, against the backdrop of 
intragenomic variation of ITS2 sequences and potential cryptic 
species (Thornhill et  al., 2007; Stat et  al., 2011; Arif et  al., 
2014; Hume et  al., 2019).

The available genome data from Symbiodiniaceae is sufficient 
to assess their phylogenetic diversity using genome-wide features. 
Strictly orthologous (single-copy) genes from different taxa are 
expected to arise via speciation events, thus the consensus of 
their individual evolutionary histories (e.g. gene/protein trees) 
can be assumed to reflect organismal phylogenetic relationships. 
This approach was successfully adopted to infer representative 
species phylogenies (Aguileta et  al., 2008; Li et  al., 2017), 
including the dinoflagellate tree of life (Price and Bhattacharya, 
2017; Stephens et  al., 2018). Extending strictly orthologous 
genes to include homologous genes, the recent Symbiodiniaceae 
phylogeny inferred using 28,116 gene families (each containing 
four or more genes) recovered from 15 dinoflagellate genomes 
(González-Pech et al., 2021) is congruent to that inferred using 
the LSU rRNA (LaJeunesse et  al., 2018).

However, use of these genes, while reasonable, limits the 
focus to a small fraction of these massive genomes. The entire 
exon regions comprise no more than 10% of assembled genome 
sequences of Symbiodiniaceae (González-Pech et  al., 2021); 
many conserved, lineage-specific genes encode functions that 
are yet to be  uncovered (Stephens et  al., 2018). The other 

genomic regions (e.g. repetitive regions and introns) comprise 
the majority of genome sequences (Supplementary Table  1) 
and likely play essential roles in the regulation of gene expression 
and genome evolution. However, these regions are largely 
ignored in conventional phylogenetic analyses based on multiple 
sequence alignment. In addition, multiple sequence alignment 
is based on the implicit assumption of full-length contiguity 
of homologous sequences, which is often violated by horizontal 
genetic transfer, and when aligning whole-genome sequences, 
genetic rearrangement (Chan and Ragan, 2013).

Alignment-free phylogenetic approaches (Bonham-Carter 
et  al., 2014; Ren et  al., 2018; Bernard et  al., 2019; Zielezinski 
et al., 2019; Bernard et al., 2021) provide a scalable alternative 
to infer phylogenetic relationships from whole-genome 
sequences: for example, based on the shared similarity of 
short, sub-sequences of defined length k (i.e. k-mers). The 
use of k-mers has been previously adopted for identifying 
putative outliers in high-throughput sequence read data 
(Mapleson et  al., 2017) and to compute local alignment 
boundaries between two genome sequences (Jain et al., 2018). 
In a k-mer-based phylogenetic approach, the proportion of 
shared k-mers between two genomes is used to calculate a 
pairwise distance that is used to derive a phylogenetic 
relationship. This approach is robust, even with the existence 
of genetic recombination and rearrangements (Chan et  al., 
2014; Bernard et al., 2016a), and has been shown to efficiently 
reconstruct biologically relevant phylogenies among hundreds 
(Bernard et  al., 2016b; Jacobus et  al., 2021) and thousands 
of microbial genomes (Bernard et  al., 2018). By not focusing 
on specific genes, alignment-free phylogenetic approaches 
enable the capture of phylogenomic signal from whole-genome 
sequences. A recent assessment of Symbiodiniaceae phylogeny 
using repeat-masked genome data from 15 dinoflagellate taxa 
(González-Pech et al., 2021) revealed largely consistent results 
with that found using current systematics approaches 
(LaJeunesse et  al., 2018). However, given the prevalence of 
repetitive regions in the genomes, the impact of these regions 
and other genomic regions on the overall phylogenetic signal 
remains an open question.

Here, using genome data from 18 dinoflagellate taxa (16 
from Symbiodiniaceae), we assess the phylogenetic signal captured 
by k-mers from distinct genomic regions and the implications 
of these results on Symbiodiniaceae evolution. Our results 
provide novel insights into the use of whole-genome sequences 
to elucidate Symbiodiniaceae diversification and evolution. A 
major focus of this study is on the representation of evolutionary 
relationships as networks that lead to understanding not gained 
using the conventional representation of tree.

MATERIALS AND METHODS

Genome Data
The 18 annotated genome data sets used in this study are 
shown in Table  1. Of these, 16 are from Symbiodiniaceae 
taxa representing five genera: Symbiodinium (9; Shoguchi 
et  al., 2018; González-Pech et  al., 2021; Nand et  al., 2021), 
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Breviolum (1; Shoguchi et al., 2013), Cladocopium (3; Shoguchi 
et  al., 2018; Robbins et  al., 2019), Durusdinium (2) and 
Fugacium (1; Li et  al., 2020), whereas the remaining two 
are from the sister lineage Polarella glacialis (Stephens et al., 
2020) as outgroup. Symbiodiniaceae and Polarella are 
classified in the dinoflagellate Order Suessiales. To maximise 
taxon representation in our assessment of alignment-free 
phylogenetic inference, we  included three available genome 
data sets: the assembled genome of Cladocopium goreaui 
revised from Liu et  al. (2018) and two assembled genomes 
from distinct isolates of Durusdinium trenchii, CCMP2556 
and SCF082 (Dougan et al., 2022). All genome data used 
in this study are available upon request.

For analysis of whole-genome sequence (WGS) data, the 
entire assembled genome sequences were used. To generate 
the repeat-masked whole-genome sequence (rmWGS) data, 
repetitive elements were deleted from the assembled genome 
sequences; for this purpose, we  used information about 
annotated repeats from the published genome studies 
(Table  1) or annotated repeats per the steps described 
below. The remaining short (<1 Kb) sequences were removed 
using Seqkit (Shen et  al., 2016), yielding the final 
rmWGS data.

For an in-depth analysis of repeats, we adopted a consistent 
approach to identify repetitive elements from each genome. 
To identify repetitive elements, de novo repeats were identified 
in each assembled genome using RepeatModeler v1.0.11 at 
default setting. Combining these de novo repeats with known 
repeats (RepeatMasker library) as a library, repetitive elements 

in the genome were identified using RepeatMasker v4.0.7 with 
options -e ncbi -gff -no_is -a.1

The distinct strand-specific genomic regions of coding 
sequences (CDSs) and introns were extracted from the assembled 
genomes based on the annotated genome features. The predicted 
proteins from the CDS regions were used in the analysis of 
protein sequences. Some predicted CDSs (i.e. the annotated 
exons) and thus also the introns, particularly tandemly repeated 
genes, were also annotated as repetitive elements using the 
approach described above; although regions of CDSs and introns 
are mutually exclusive, each of these is not mutually exclusive 
to the annotated repeats. The total bases for each curated data 
sets for each genome are shown in Supplementary Table  1; 
the sum of rmWGS and repeats for each genome approximates 
100% of the WGS.

Inference of Reference Phylogeny Using 
Large Subunit rRNA
Phylogenetic inference using the 28S ribosomal large subunit 
(LSU) was performed on the D1-D2 LSU region using sequences 
extracted from the genomes if a full-length sequence from 
that region was found. For genomes in which the full-length 
sequence could not be  recovered, it was supplemented with 
a representative LSU obtained from NCBI for either the same 
species or ITS2 type. The LSU sequences were aligned using 
MAFFT v7.487 (Katoh and Standley, 2013) at -linsi mode 

1 http://www.repeatmasker.org/

TABLE 1 | Genome data of the 18 dinoflagellate taxa (Order Suessiales) used in this study.

Species Isolate Lifestyle Scaffolds Scaffold N50 length (Kb) References

Breviolum minutum Mf1.05b.01 Symbiotic 21,898 125.23 Shoguchi et al. (2013)
Cladocopium goreaui SCF055 Symbiotic 6,843 353.90 Revised from Liu et al. (2018)
Cladocopium sp. C15 Symbiotic 34,589 50.69 Robbins et al. (2019)
Cladocopium sp. C92 Symbiotic 6,685 247.56 Shoguchi et al. (2018)
Durusdinium trenchii CCMP2556 Symbiotic 29,137 774.26 Dougan et al. (2022)
Durusdinium trenchii SCF082 Symbiotic 44,682 398.48 Dougan et al. (2022)
Symbiodinium linucheae CCMP2456 Symbiotic 37,772 58.08 González-Pech et al. (2021)
Symbiodinium 
microadriaticum

04-503SCI.03 Symbiotic 57,558 49.98 González-Pech et al. (2021)

Symbiodinium 
microadriaticum

CassKB8 Symbiotic 67,937 42.99 González-Pech et al. (2021)

Symbiodinium 
microadriaticum

CCMP2467 Symbiotic 94 9,963 Nand et al. (2021)

Symbiodinium 
tridacnidorum

CCMP2592 Symbiotic 6,245 651.26 González-Pech et al. (2021)

Symbiodinium 
tridacnidorum

Sh18 Symbiotic 16,175 132.49 Shoguchi et al. (2018)

Symbiodinium 
necroappetens

CCMP2469 Opportunistic 104,583 14.53 González-Pech et al. (2021)

Symbiodinium natans CCMP2548 Free-living 2,855 610.50 González-Pech et al. (2021)
Symbiodinium pilosum CCMP2461 Free-living 48,302 62.44 González-Pech et al. (2021)
Fugacium kawagutii CCMP2468 Free-living? 29,213 13,533 Li et al. (2020)
Polarella glacialis CCMP1383 Free-living, psychrophilic 33,494 170.30 Stephens et al. (2020)
Polarella glacialis CCMP2088 Free-living, psychrophilic 37,768 129.21 Stephens et al. (2020)

All taxa are classified in family Symbiodiniaceae except the outgroup Polarella glacialis.
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followed by phylogenetic inference with IQ-TREE v2.0.5. (Minh 
et  al., 2020) using ultrafast bootstrap (Hoang et  al., 2018) for 
1,000 replicate samples, that is, parameters -s -bb 1,000. All 
LSU sequences used in this analysis are available as 
Supplementary Data 1.

Optimisation of k Length for Phylogenetic 
Inference
Because the choice of k for phylogenetic inference is sensitive 
to the extent of sequence divergence, we  followed the method 
of Greenfield and Roehm, (2013) and Gonzalez-Pech et  al. 
(2021) to identify the optimal k independently for each data 
set, that is, the k value that maximises the proportions of 
distinct and unique k-mers in nucleotide sequences 
(Supplementary Figure  1). The k value identified this way 
was found to have the greatest distinguishing power for 
phylogenetic analysis (Greenfield and Roehm, 2013). For each 
nucleotide data set, Jellyfish v2.3.0 (Marçais and Kingsford, 
2011) was used to extract and count k-mers (k between 11 
and 25, step size = 2). For the repeats data set, the proportion 
of unique k-mers appears to approximate the maximum at 
k = 21 (Supplementary Figure  2A), but short k-mers are not 
sufficiently distinct (e.g. proportion of distinct k-mers <0.5 for 
all genomes when k ≤ 15; Supplementary Figure  2B). In this 
instance, we  assessed k values in a larger range, between 11 
and 51 (step size = 2) and inferred the phylogenetic tree of 
repeats using k = 21, 35 and 51 (Supplementary Figure  2C). 
We  chose k = 51 as the representative tree topology because 
this value has the greatest power to distinguish repeats based 
on the proportions of unique and distinct k-mers, and the 
tree topology shows a clear resolution of the distinct genera 
of Symbiodiniaceae.

For protein sequences, the determination of optimal k is 
not as straightforward. Jellyfish (Marçais and Kingsford, 2011), 
designed only for extracting k-mers from nucleotide sequences, 
is not applicable in this instance. An earlier benchmark study 
(Chan et  al., 2014) revealed that shorter k is more optimal 
for phylogenetic analysis of protein sequences (with 20 possible 
amino acids for each character), compared to nucleotide 
sequences (with four possible nucleotides for each character), 
supporting the notion that the optimal k for sequence analysis 
is negatively correlated to the alphabet size (Forêt et  al., 2006; 
Höhl and Ragan, 2007; Forêt et  al., 2009). Here, we  assessed 
the appropriate k value based on the phylogenetic trees that 
were individually inferred from distances independently derived 
at k = 3, 5, 7 and 9 (see below). We  chose k = 9 for the analysis 
of protein sequences, because the corresponding phylogenetic 
tree is the most similar to the reference topology (see 
Supplementary Figure  3).

Alignment-Free Phylogenetic Inference 
Using k-mers
For each data set, the DS

2  statistic (Reinert et  al., 2009) was 
calculated for each genome pair using the optimal k following 
the algorithm implemented in jD2Stat (Chan et  al., 2014); 

scripts are available at https://github.com/chanlab-genomics/
alignment-free-tools/. Here, the DS

2  statistic describes the number 
of shared k-mers between two genomes, normalised by the 
probability of the occurrence of each k-mer in the sequences. 
This statistic was then transformed into a pairwise measure 
of dissimilarity (i.e. distance, d). The resulting pairwise distance 
matrix was used for phylogenetic inference using neighbor in 
PHYLIP v3.69 (Felsenstein, 2005). For the protein sequences, 
jD2Stat was used to generate d based on DS

2  statistic at k = 3, 
5, 7 and 9. A DS

2  distance matrix derived at each size k was 
used for phylogenetic inference as described above, and the 
resulting trees were visually inspected to identify the optimal 
k (see above).

To infer a network of phylogenetic relatedness based on 
k-mers, we used the method described in Bernard et al. (2016b, 
2018). Briefly, for each genome pair, we  transformed d into 
a similarity measure S, in which S = 10–d. The S value for 
each genome pair was used to create a network of relatedness 
using the D3 JavaScript library for data-driven documents;2 a 
Python script for creating a network from a distance matrix 
is available at https://github.com/chanlab-genomics/alignment-
free-tools/. A node in a network represents a genome, and 
an edge connecting two nodes represents evidence of shared 
k-mers. The threshold function t (Bernard et  al., 2016b) was 
used to visualise the network dynamically, for which only edges 
with S ≥ t are displayed.

Comparison of Tree Topologies
We used Robinson–Foulds distances (Robinson and Foulds, 
1981) to assess topological congruence between each k-mer-
derived tree and the reference tree inferred from multiple 
sequence alignment of LSU rRNA sequences. We  followed 
the method of Kupczok et  al. (2010), using the normalised 
Robinson–Foulds distance (we denote hereinafter as RF) in 
our assessment; for a tree containing N number of leaves, 
the Robinson–Foulds distance was normalised by the maximum 
possible distance between two unrooted trees, 2(N–3), yielding 
RF. RF between two tree topologies was calculated using 
RF.dist of the R package phangorn, where normalise and 
check.labels are both TRUE (Schliep, 2011). To better assess 
the impact of topological differences on phylogenetic 
relationship at the species level, the differential branching 
order of multiple isolates of the same species was not 
considered when two topologies were compared. Two tree 
topologies are identical at RF = 0, and they do not share any 
bipartitions at RF = 1.

Identification of Core k-mers and Their 
Putative Function
The k-mers found in every genome in a target group can 
be interpreted as core genomic elements that are evolutionarily 
conserved in all members; we  used the method of Bernard 
et al. (2018) to define these k-mers as core k-mers. To identify 
core k-mers for a target group, we  first identified shared 

2 https://d3js.org/
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k-mers between any two genomes within the target group 
from the output (i.e. the dump files) of Jellyfish (see above), 
and the overlapping k-mers found in all pairwise comparisons 
represent the core k-mers of the target group. Using this 
approach, we  identified core k-mers for all 18 genomes (i.e. 
core k-mers of Suessiales). To further assess conserved k-mers 
relevant to symbiosis, and given the extensive genome sequence 
divergence among Symbiodiniaceae (González-Pech et  al., 
2021), we  narrowed our focus and identified core k-mers 
among genomes of symbiotic taxa within the genus 
Symbiodinium: S. microadriaticum, S. tridacnidorum, S. linucheae 
and S. necroappetens.

The core k-mers were linked to annotated structural 
features (e.g. repeats or genes) based on their locations in 
the genome sequences, using the genome annotation for 
S. linucheae as reference. Locations of k-mers were identified 
using a pblat (Kent, 2002; Wang and Kong, 2019) search 
against the genome sequences of S. linucheae. Strand-specific 
overlaps of k-mers with gene and repeat features were 
identified using intersectBed (−wao -loj -s) implemented in 
Bedtools suite v2.28.0 (Quinlan and Hall, 2010). The k-mers 
that overlap non-annotated genome regions were considered 
as ‘unclassified’. An independent analysis using the genome 
annotation of S. tridacnidorum as reference was conducted 
to verify the consistency of these results. Functional annotation 
of predicted proteins in S. linucheae (González-Pech et  al., 
2021) was based on the top hit in a BLASTP search (E  ≤ 10−5, 
minimum query or target cover of 50%) against the UniProt 
database (Swiss-Prot and TrEMBL). We  used the method 
of Stephens et  al. (2018) to define dark genes as those that 
lack UniProt hits in a BLASTP analysis: that is, they encode 
a function that is yet to be  discovered.

Prevalence of Repeats in Symbiotic 
Symbiodinium Versus Free-Living 
Symbiodinium
To assess the prevalence of repeats in symbiotic lineages, 
we  focused on 825 distinct repeat types that are annotated 
in all seven genomes of symbiotic Symbiodinium. We performed 
a t-test comparing the per-genome sequence proportion and 
Kimura distances (divergence) of these 825 repeat types 
between: (a) genomes of symbiotic taxa (i.e. 7 genomes of 
S. microadriaticum, S. tridacnidorum, S. linucheae and 
S. necroappetens) and (b) genomes of free-living taxa (genomes 
of S. pilosum and S. natans). Normality was checked using 
the Shapiro test and those that violated normality assumptions 
were log-transformed. Equal variance was assessed using 
Levene’s test and in the case of unequal variance, a two-sided 
Welch’s t-test for unequal variance was used instead of a 
two-sided Student’s t-test. An adjusted value of p ≤0.05 is 
considered statistically significant. Repeat types that are 
significantly overrepresented or those with sequences that are 
significantly more conserved (i.e. significantly lower Kimura 
distances) were considered more prevalent and evolutionarily 
conserved in the symbiotic lineages compared to the two 
free-living lineages.

RESULTS AND DISCUSSION

Phylogenetic Signal in Distinct Genomic 
Regions Captured Using k-mers
Using an alignment-free approach based on k-mers, we inferred 
phylogenetic trees using genome data from 18 dinoflagellate 
taxa, of which 16 are from the family Symbiodiniaceae (Table 1; 
see Materials and Methods for detail). Figure  1 shows the 
tree topologies inferred from each genomic region: whole-
genome sequence (WGS) data (Figure 1A), repeat-masked WGS 
data (rmWGS; Figure  1B), the coding sequences (CDS; 
Figure  1C), the encoded proteins (Figure  1D), the annotated 
repeats (Figure 1E) and the introns (Figure 1F). We compared 
each of these trees against the tree inferred from the multiple 
sequence alignment of LSU rRNA sequences (Figure  1G) as 
reference. To account for the distinct properties associated with 
each genomic region, the choice of k was optimised independently 
for each genome feature (Supplementary Figures 1–3). Branch 
length information is not shown in Figure  1; this information 
on alignment-free trees is not readily interpretable and not 
comparable to the conventional interpretation of number of 
substitutions per site (Bernard et  al., 2016a). The symbols α, 
β, γ, δ and ε in Figure  1 denote species-level differences in 
k-mer-inferred lineage positions when compared to the reference  
tree.

The LSU rRNA-based reference tree topology (Figure  1G; 
Supplementary Figure  4) largely agrees with the phylogenetic 
relationships described in LaJeunesse et  al. (2018), except for 
the positions of Breviolum minutum and Fugacium kawagutii 
in an independent, weakly supported (B + F) clade (bootstrap 
support = 66%) external to Cladocopium. In the existing phylogeny 
also based on LSU sequences but from a larger number of 
taxa (LaJeunesse et al., 2018), Cladocopium forms a monophyletic 
clade with Fugacium, and this C + F clade is sister to Breviolum. 
However, the C + F clade in the earlier tree was not robustly 
supported (bootstrap support = 66%, Bayesian posterior 
probability = 0.59), thus our observation in Figure  1G is not 
surprising and likely reflects the smaller number of sequences 
used in the alignment.

Topological congruence between each k-mer-based and the 
reference tree was quantified using the normalised Robinson–
Foulds distance, RF (see Materials and Methods); RF = 0 indicates 
complete congruence between the two tree topologies. Overall, 
all trees inferred using k-mers observed in distinct genomic 
regions are largely congruent (RF < 0.3) with the reference. The 
topology of the protein tree (Figure  1D) is the most similar 
to the reference (RF = 0.13), followed by the WGS (Figure 1A), 
rmWGS (Figure 1B), CDS (Figure 1C) and repeats (Figure 1E), 
all with RF = 0.20. The intron tree (Figure  1F) has the highest 
RF at 0.27. In protein-coding sequence-based trees (Figures 1C,D),  
Breviolum is sister to the monophyletic clade containing 
Cladocopium and Fugacium, as suggested in the existing 
classification (LaJeunesse et al., 2018). However, in trees inferred 
from WGS (Figure  1A), introns (Figure  1F) and repeats 
(Figure  1E), Breviolum and Fugacium form a sister clade to 
Cladocopium, a trend observed in our reference tree (Figure 1G). 
This variation suggests that differential evolutionary pressures 
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act on these distinct genomic regions. Although taxa of Breviolum 
and Cladocopium are known to be symbiotic, whether F. kawagutii 
is symbiotic or free-living remains to be clarified (Suggett et al., 
2015; Saad et  al., 2022). The limited representation of these 
genera in our data here is inadequate for investigating correlation 
of their phylogeny to lifestyle; data from more taxa would 
help clarify this.

Within Symbiodinium, S. pilosum and S. natans are free-
living whereas the others form symbioses. Our LSU rRNA 

reference tree indicates that S. pilosum is the most anciently 
diverged lineage within this genus, followed by S. natans, and 
subsequently the symbiotic lineages; this is also observed in 
the earlier LSU rRNA tree (LaJeunesse et  al., 2018) and our 
tree inferred from protein sequences (Figure  1D). The trees 
inferred from the rmWGS (Figure  1B) and CDS (Figure  1C) 
data sets, however, indicate divergence of S. pilosum after the 
split of S. natans instead (i.e. and γ in the figures). This 
observation is not surprising because the clade excluding 

A B

C D

E F

G

FIGURE 1 | Alignment-free phylogenetic trees of 18 dinoflagellate taxa inferred from: (A) whole-genome sequences (WGS), (B) repeat-masked whole-genome 
sequences (rmWGS), (C) protein-coding sequences (CDS), (D) the encoded protein sequences, (E) the annotated repeats and (F) the intronic regions. The 
corresponding k used for each inference is shown at the bottom of each tree. (G) The topology of reference tree inferred from multiple sequence alignment of LSU 
rRNA, showing ultrafast bootstrap support (from 1,000 sample replicates). All tree topologies are rooted with Polarella glacialis as the outgroup. Differing branching 
order between each alignment-free tree and the reference tree is indicated with the symbols α, β, γ, δ and ε. Phylogenetic networks of these alignment-free trees are 
available as Supplementary Data 2.
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S. pilosum is not robustly supported (bootstrap support = 37% 
in Figure  1B and 68% in the tree in LaJeunesse et al. (2018), 
suggesting a subtly different phylogenetic signal in the CDS 
and rmWGS regions compared to protein sequences and the 
data used to infer the reference tree. In general, we  observe 
species clades that reflect lifestyles in the protein-coding region-
based trees, for example, the clear separation of free-living 
S. natans and S. pilosum from the other symbiotic Symbiodinium 
taxa. This result was not observed in the intron and repeat-
based trees (Figures 1E,F). Interestingly, the WGS (Figure 1A) 
and intron (Figure 1F) trees indicate the divergence of symbiotic 
S. tridacnidorum (α in the figures) prior to the split of the 
two free-living species and other symbiotic Symbiodinium, 
whereas the S. tridacnidorum clade (α) interrupts the two free-
living species (β and γ) in the tree inferred from repeats 
(Figure 1E). Given that repeats comprise a substantial percentage 
(20%–40% in Symbiodiniaceae, 69%–70% in outgroup Polarella; 
Supplementary Table  1) of these four assembled genomes, 
the differential G + C content in the annotated repeats in these 
genomes may have contributed to our observations in the 
k-mer based trees (Supplementary Figure 5). The mean G + C% 
of repeats in the genome of S. natans (49.19%) is similar to 
that in S. tridacnidorum CCMP2592 (48.34%) and that of 
S. pilosum (45.13%) is similar to that in S. tridacnidorum Sh18 
(45.48%). A difference of 3% G + C can contribute 29% of 
parsimoniously informative sites in an alignment (Gruber et al., 
2007), therefore potentially biasing tree inference. In multiple 
sequence alignment, sequences of extreme G + C (i.e. 
low-complexity) are problematic as the biological significance 
of these aligned regions is not readily discernible (or is simply 
ignored); this complication does not extend to the k-mer-based 
phylogenetic method that bypasses the alignment step.

The variable positions of the three Cladocopium taxa among 
the trees in Figure  1 may be  attributed to the incomplete 
genome data of the C15 isolate that were generated from in 
hospite coral tissue (Robbins et  al., 2019), instead of cultured 
cells as for all the other genomes. Even so, the position of 
the monophyletic clade of Cladocopium is not in dispute and 
is robustly supported in our reference (Figure  1G; bootstrap 
support = 98%) and the earlier phylogeny (bootstrap 
support = 100%; LaJeunesse et  al., 2018).

Repeats and Non-genic Regions Are More 
Evolutionarily Conserved Than Genic 
Regions
We identified 106,811 distinct core k-mers (at k = 23) for all 
18 dinoflagellate genomes and linked them to annotated genome 
features (see Materials and Methods). Conservation of these 
k-mers in all 18 genomes reflects their evolutionary importance 
in Suessiales that includes the family Symbiodiniaceae. Of the 
106,811 core 23-mers, 105,258 (98.55%) are present in one or 
more annotated genome features: 102,488 mapped to annotated 
repeats [95,972 (89.84% of 106,811) mapped to regions of 
known and/or dark genes] and 2,081 mapped exclusively to 
regions of known genes (Figure  2A). The greater prevalence 
of core k-mers (6,511; 6.10%) exclusive in the repetitive elements 

and non-protein-coding regions compared to those (2,775; 
2.60%) exclusive in genic regions (i.e. regions of protein-coding 
genes inclusive of introns and exons) indicates that non-genic 
regions are more evolutionarily conserved than genic regions 
in Suessiales genomes, lending support to their extensive genomic 
divergence (González-Pech et al., 2021). Supplementary Figure 6 
presents a phylogenetic tree in which each node is annotated 
with the number of k-mers shared by the taxa encompassed 
by the node, in the context of evolutionary time. These shared 
k-mers represent defining features conserved across each clade 
contained by the node.

Closely related taxa in general are expected to share a larger 
number of core k-mers than more-distantly related taxa 
(Supplementary Figure 6). To correlate core k-mers to symbiotic 
lifestyle, we  identified 2,827,521 core 23-mers in symbiotic 
Symbiodinium (seven genomes; see Materials and Methods). 
The higher abundance of core k-mers in these taxa likely reflect 
their more-recent divergence [estimated ~4.8 million year ago 
(MYA)] compared to the 125,958 core k-mers for Symbiodiniaceae 
(estimated divergence ~165.9 MYA; Supplementary Figure  6). 
The identified genome features that encompass these core 
23-mers (Figure  2B) are comparable to what we  observed for 
Suessiales, with a smaller proportion (1,562,880; 55.27%) 
recovered in one or more annotated features, and a larger 
proportion (444,283; 15.71%) exclusively recovered in annotated 
repeats. A total of 90,862 core 23-mers (3.21%) mapped only 
to regions of known and/or dark genes (75,041 only in known 
genes, 8,419 only in dark genes, 7,402  in both; Figure  2B). 
This result reveals a greater extent of conserved k-mers in 
genic regions among the seven genomes of symbiotic 
Symbiodinium than in all 18 genomes of Suessiales. In addition, 
some regions of repetitive elements and non-protein-coding 
regions remain evolutionarily conserved, and this trend is likely 
common to dinoflagellate genomes.

Repeats Significant in Symbiotic Versus 
Free-Living Symbiodinium
The transition from a free-living to a symbiotic lifestyle is 
thought to be marked by a phase of genome instability, structural 
rearrangement and burst of mobile genetic element activity 
(González-Pech et  al., 2019). We  assessed if the annotated 
repeats in the genomes of seven symbiotic Symbiodinium are 
significantly different to those found in the genomes of free-
living Symbiodinium (i.e. S. natans and S. pilosum). We assessed 
the repeats in two ways: (a) their abundance based on proportional 
length relative to total assembled genome sequences and (b) 
their sequence conservation based on Kimura divergence of 
known repeat families (Supplementary Table  2). Of the 825 
distinct repeat types annotated in all seven genomes, 180 
(21.8%) encompassing eight classes (including the ‘Unknown’ 
class) were found to be significantly overrepresented in proportion 
(159), significantly more conserved based on Kimura distances 
(20) relative to known repeat sequences, or both (1); the 
Dp_Skipper-1-I (LTR/Gypsy class) is significant in both tests 
(p ~ 0.04  in both cases; Supplementary Table  2). This result 
suggests that repeat content in the genomes of symbiotic lineages 
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is significantly different from that in those of free-living lineages, 
which is largely explained by repeat types that occupy significantly 
larger proportions of the genomes in symbiotic lineages, and 
to a lesser extent, repeat types that are more evolutionarily 
conserved. Of the 180 repeat types, the majority (52.8%) are 
from the DNA class, followed by long-terminal repeat (LTR; 
20.6%) and long interspersed nuclear element (LINE; 17.8%) 
classes. DNA transposons and LTRs occur in two- to three-
fold greater abundance in the genome of symbiotic 
S. tridacnidorum relative to the genome of free-living S. natans 
(González-Pech et  al., 2021). Sequences in these repeat classes 
are divergent in Symbiodinium genomes (i.e. Kimura distances 
centred between 15 and 40; González-Pech et  al., 2021); 
we  cannot dismiss that some may represent non-functional 
relics that are retained in the genome sequences. However, 
the greater abundance of transposable elements: for example, 

copia and gypsy retrotransposons, the DNA transposons of 
mariners, and the rolling-circle transposons of helitrons 
we  observed in genomes of the seven symbiotic Symbiodinium 
(Supplementary Table  2) lends support to the earlier results 
of Gonzalez-Pech et al. (2021) and to the notion that enhanced 
activity and/or expansion of transposable elements is associated 
with symbiotic lineages, contributing to their dynamic genome 
evolution (Lin et  al., 2015; Song et  al., 2017; González-Pech 
et  al., 2019).

Representing Alignment-Free Phylogenies 
as Networks
We inferred a network of relatedness from the distinct 
genome sequence regions based on k-mers 
(Supplementary Data 2). These networks allow for dynamic 

A

C

B

FIGURE 2 | Annotated genome features associated with core 23-mers identified for: (A) all 18 genomes of Suessiales, and (B) the seven genomes of symbiotic 
Symbiodinium. The Venn diagrams shown in (A) and (B) are not to scale. (C) Repeat classes identified as significantly more abundant and/or significantly more 
conserved in symbiotic Symbiodinium than in free-living members of this genus.
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visualisation based on the similarity threshold t relative to 
the similarity measure S between a pair of genomes (see 
Materials and Methods), in which any genome pair (i.e. a 
pair of nodes) with S ≥ t is connected with an edge. At the 
most lenient threshold (t = 0), all genomes (i.e. nodes) are 
interconnected with edges (i.e. a clique), whereas at the 
most stringent threshold (t = 10), all genomes are disconnected. 
Figure 3 shows the network based on rmWGS data at t = 0.00 
(Figure  3A), t = 2.85 (Figure  3B), t = 4.02 (Figure  3C) and 
t = 10.00 (Figure  3D). At t = 2.85, a clear separation of the 
outgroup P. glacialis, the genus of Symbiodinium (in a clique), 
Breviolum, and the other genera (Cladocopium and Fugacium) 
was observed. At t = 4.02 (Figure  3C), all distinct genera 
are separated. In the corresponding rmWGS tree (Figure 1B), 
the branching order of free-living S. natans and S. pilosum 
is different from that in the reference LSU tree (Figure 1G), 
and they remain more closely related than each of them is 
to the other Symbiodinium taxa. In the network at t = 4.02 
(Figure  3B), these two species are connected to other 
symbiotic Symbiodinium taxa instead of each other: that is, 
S. natans is connected to two isolates of S. tridacnidorum, 
whereas S. pilosum is connected to S. necroappetens and 
two isolates of S. microadriaticum. This observation suggests 

that the distinction between free-living and symbiotic lifestyles 
is not the only factor contributing to the divergence of 
Symbiodiniaceae genomes and that the same information 
based on 23-mers when presented as a network yields 
additional insights into the evolution of the two free-living 
Symbiodinium species when compared to the tree 
representation. By not assuming a strict tree-like structure 
of evolutionary history, the network representation of 
relatedness captures the signal of vertical and horizontal 
inheritance, as well as other evolutionary processes that 
underpin genome evolution of Symbiodiniaceae. The networks 
we  generated (Supplementary Data 2) provide a flexible, 
dynamic view of genome relatedness among the 18 taxa 
inferred from distinct genomic regions and across the 
similarity threshold, thus enabling generation of new 
hypotheses to drive future research.

Alignment-Free Phylogenetics in the 
Genomic Era
The conflicts of phylogenetic signals we observed among distinct 
genomic sequence regions demonstrate how differential 
evolutionary pressure acting on these regions has shaped their 

A
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FIGURE 3 | Network of genome relatedness of 18 Suessiales inferred using the rmWGS data at different t-values: (A) t = 0.00, (B) t = 2.85, (C) t = 4.02, and 
(D) t = 10.0. The colour used to represent each genome is shown in the legend.
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evolution. By disregarding repeats in whole-genome sequences, 
the inferred tree is similar to the existing phylogeny based 
on LSU rRNAs. Repeats constitute, on average, 34% of assembled 
sequences of each Suessiales genome (Supplementary Table 1); 
and these estimates remain conservative due to the varying 
extent of sequence contiguity of the various genome assemblies 
(Table 1). Even when all protein-coding genes (or the associated 
proteins) are used in k-mer based phylogenetic inference, the 
phylogenetic signal represents an average of only 7% of the 
assembled genomes (Supplementary Table  1). Therefore, a 
key question remains to be  resolved: is a tree inferred from 
genomic regions restricted to marker gene(s) or genic regions 
an appropriate depiction of the evolutionary history of 
Symbiodiniaceae taxa? We think this to be an academic argument 
as described below and that ongoing discussion about the 
lumping or splitting lineages that are morphologically simple 
should be adjudicated in the ‘court’ of genome evolution. We are 
far from having a full understanding of Symbiodinaceae or 
other microbial eukaryotes to do this as of yet, but progress 
is rapid in this area and we  ignore the majority genome at 
our peril, when aiming to understand how evolution works.

By not assuming an explicit substitution model of molecular 
evolution, the applicability and intuitive basis of k-mers in 
alignment-free phylogenetic approaches has been investigated 
and widely discussed (Posada, 2013; Ragan and Chan, 2013). 
These methods are sensitive to the quality and divergence of 
sequence data, as expected when using the conventional 
alignment-based phylogenetic approach. In addition, the optimal 
k length varies among different data sets and needs to 
be  determined empirically, as we  did in this study. Overall, 
k-mer-based phylogenetic approaches have proven robust against 
among-site rate variation issues and various molecular evolution 
scenarios based on analysis of simulated and empirical sequence 
data (Chan et al., 2014; Bernard et al., 2016a). Their demonstrated 
scalability (Bernard et  al., 2016b; Bernard et  al., 2018; Jacobus 
et al., 2021) enables the capture of comprehensive phylogenetic 
signal from large, whole-genome sequence data. This signal 
provides useful evidence to guide the taxonomic analysis of 
microbial eukaryotes, including Symbiodiniaceae (González-Pech 
et  al., 2021; Dougan et  al., 2022), for which classification may 
be  confounded by subtle variation in morphology and the 
ineffectiveness of established phylogenetic markers.

CONCLUSION

Our results demonstrate the utility of alignment-free phylogenetic 
methods based on k-mers to efficiently infer evolutionary history 
from the massive whole-genome sequence data sets of dinoflagellates. 
Sequence regions implicated in protein coding (i.e. CDS and the 
coded protein sequences) exhibit phylogenetic signal that is largely 
consistent with the phylogeny inferred from multiple sequence 
alignment of selected marker genes (e.g. LSU rRNA), but sequences 
of introns and repeats, which constitute a large proportion of 
the genomes and are more evolutionarily conserved, exhibit a 
different signal that appears to impact phylogenetic inference 
from whole-genome sequences. Introns are conserved despite 

having a higher evolutionary rate than exons (Lynch, 2002; Rogozin 
et  al., 2003; Parenteau and Abou Elela, 2019). Although repeats 
more readily accumulate mutations due to neutral evolution or 
slippage during DNA replication, our results reveal over 50% of 
identified core k-mers of Suessiales (and of the symbiotic 
Symbiodinium) taxa are implicated in the annotated repeat regions, 
indicating genome-wide conservation of these elements. In addition, 
simple repeats characterised as tandemly repeated short sequences 
may enhance genetic variation while exerting minimal load on 
the host (Kashi and King, 2006). Therefore, genomic diversity 
of these dinoflagellates is contributed in part by interesting sequence 
conservation patterns in introns and in repeat content.

Whole-genome data enable the analysis of ‘total’ phylogenetic 
signal that has resulted from complex evolutionary processes 
underpinning the evolution of Symbiodiniaceae. In the absence 
of whole-genome data, selected phylogenetic markers, such as 
LSU rRNAs, a curated set of ‘metabarcode’ genes, or strictly 
(single-copy) orthologous genes remain appropriate and relevant 
for inferring a representative phylogenetic relationship. However, 
the increasing amount of whole-genome data offer a more 
comprehensive accounting of molecular evolution and allow 
testing of new hypotheses about lineage diversification and niche 
specialisation in Symbiodiniaceae and other taxa (Dougan et al., 
2022). We argue that the best use of genome data to understand 
evolutionary processes is to use all of the data and that it is 
counter-intuitive to ignore the large proportion of genome 
sequences that are non-protein-coding and/or repetitive. In this 
regard, alignment-free phylogenetic methods (e.g. based on 
k-mers), while not relying on sophisticated evolutionary models, 
provide a scalable approach to infer biologically meaningful 
evolutionary relationships from whole-genome data. Support 
for the inferred clades on an alignment-free tree can be assessed 
using the jackknife technique (Bernard et  al., 2016a; Jacobus 
et  al., 2021) that provides a value similar to bootstrap support 
in a maximum-likelihood tree. What the different sequence 
regions in Symbiodiniaceae genomes can teach us about adaptation 
and evolutionary processes remain to be  more thoroughly 
investigated in future studies as done for model taxa, such as 
Drosophila (Oti et  al., 2018), among others (Gemmell, 2021).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included 
in the article/Supplementary Material, and further inquiries 
can be  directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

RL, KD, and CC conceived the study and designed the research. 
RL, KD, YC, and SS conducted the research and performed 
all computational analyses. RL prepared the first draft of the 
manuscript. KD, DB, and CC supervised the research. DB and 
CC contributed to writing and iterative revisions of the 
manuscript. All authors contributed to the article and approved 
the submitted version.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Lo et al. Alignment-Free Analysis of Algal Genomes

Frontiers in Plant Science | www.frontiersin.org 11 April 2022 | Volume 13 | Article 815714

FUNDING

This work is supported by an Australian Research Council 
grant (DP190102474 awarded to CC and DB). DB was also 
supported by a research grant from the National Aeronautics 
and Space Administration (NASA; 80NSSC19K0462) and a 
NIFA-USDA Hatch grant (NJ01180).

ACKNOWLEDGMENTS

This project is supported by computational resources of 
the National Computational Infrastructure (NCI) National 

Facility systems through the NCI Merit Allocation Scheme 
(Project d85) awarded to CC. We thank Mauricio Rodriguez-
Lanetty (Florida International University) and David J. Suggett 
(University of Technology Sydney) for generously providing 
us advanced access to the genome data of Durusdinium  
trenchii.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpls.2022.815714/
full#supplementary-material

 

REFERENCES

Aguileta, G., Marthey, S., Chiapello, H., Lebrun, M. H., Rodolphe, F., 
Fournier, E., et al. (2008). Assessing the performance of single-copy 
genes for recovering robust phylogenies. Syst. Biol. 57, 613–627. doi: 
10.1080/10635150802306527

Arif, C., Daniels, C., Bayer, T., Banguera-Hinestroza, E., Barbrook, A., Howe, C. J., 
et al. (2014). Assessing Symbiodinium diversity in scleractinian corals via 
next-generation sequencing-based genotyping of the ITS2 rDNA region. 
Mol. Ecol. 23, 4418–4433. doi: 10.1111/mec.12869

Baker, A. C. (2003). Flexibility and specificity in coral-algal symbiosis: diversity, 
ecology, and biogeography of Symbiodinium. Annu. Rev. Ecol. Evol. Syst. 
34, 661–689. doi: 10.1146/annurev.ecolsys.34.011802.132417

Bernard, G., Chan, C. X., Chan, Y. B., Chua, X. Y., Cong, Y., Hogan, J. M., 
et al. (2019). Alignment-free inference of hierarchical and reticulate 
phylogenomic relationships. Brief. Bioinform. 20, 426–435. doi: 10.1093/bib/
bbx067

Bernard, G., Chan, C. X., and Ragan, M. A. (2016a). Alignment-free microbial 
phylogenomics under scenarios of sequence divergence, genome 
rearrangement and lateral genetic transfer. Sci. Rep. 6:28970. doi: 10.1038/
srep28970

Bernard, G., Greenfield, P., Ragan, M. A., and Chan, C. X. (2018). k-mer 
similarity, networks of microbial genomes, and taxonomic rank. mSystems 
3:e00257-18 doi: 10.1128/mSystems.00257-18

Bernard, G., Ragan, M. A., and Chan, C. X. (2016b). Recapitulating phylogenies 
using k-mers: from trees to networks. F1000Res 5:2789. doi: 10.12688/
f1000research.10225.2

Bernard, G., Stephens, T. G., González-Pech, R. A., and Chan, C. X. (2021). 
Inferring phylogenomic relationship of microbes using scalable alignment-
free methods. Methods Mol. Biol. 2242, 69–76. doi: 10.1007/978-1-0716- 
1099-2_5

Bonham-Carter, O., Steele, J., and Bastola, D. (2014). Alignment-free genetic 
sequence comparisons: a review of recent approaches by word analysis. 
Brief. Bioinform. 15, 890–905. doi: 10.1093/bib/bbt052

Chan, C. X., Bernard, G., Poirion, O., Hogan, J. M., and Ragan, M. A. (2014). 
Inferring phylogenies of evolving sequences without multiple sequence 
alignment. Sci. Rep. 4:6504. doi: 10.1038/srep06504

Chan, C. X., and Ragan, M. A. (2013). Next-generation phylogenomics. Biol. 
Direct 8:3. doi: 10.1186/1745-6150-8-3

Cunning, R., Gates, R. D., and Edmunds, P. J. (2017). Using high-throughput 
sequencing of ITS2 to describe Symbiodinium metacommunities in St John. 
US Virgin Islands. PeerJ 5:e3472. doi: 10.7717/peerj.3472

D’Angelo, C., Hume, B. C., Burt, J., Smith, E. G., Achterberg, E. P., and 
Wiedenmann, J. (2015). Local adaptation constrains the distribution potential 
of heat-tolerant Symbiodinium from the Persian/Arabian gulf. ISME J. 9, 
2551–2560. doi: 10.1038/ismej.2015.80

Dougan, K. E., Bellantuono, A. J., Kahlke, T., Abbriano, R. M., Chen, Y., 
Shah, S., et al. (2022). Whole-genome duplication in an algal symbiont 
serendipitously confers thermal tolerance to corals. bioRxiv [Preprint]. doi: 
10.1101/2022.04.10.487810

Dougan, K. E., Gonzalez-Pech, R. A., Stephens, T. G., Shah, S., Chen, Y., 
Ragan, M. A., et al. (2022). Genome-powered classification of microbial 
eukaryotes: focus on coral algal symbionts. Trends Microbiol. doi: 10.1016/j.
tim.2022.1002.1001

Felsenstein, J. (2005). PHYLIP (Phylogeny Inference Package) version 3.69. 
Distributed by the author, Department of Genome Sciences, University of 
Washington, Seattle.

Forêt, S., Kantorovitz, M. R., and Burden, C. J. (2006). Asymptotic behaviour 
and optimal word size for exact and approximate word matches between 
random sequences. BMC Bioinformatics 7:S21. doi: 10.1186/1471-2105-7-S5-
S21

Forêt, S., Wilson, S. R., and Burden, C. J. (2009). Empirical distribution of 
k-word matches in biological sequences. Pattern Recog. 42, 539–548. doi: 
10.1016/j.patcog.2008.06.026

Gemmell, N. J. (2021). Repetitive DNA: genomic dark matter matters. Nat. 
Rev. Genet. 22:342. doi: 10.1038/s41576-021-00354-8

González-Pech, R. A., Bhattacharya, D., Ragan, M. A., and Chan, C. X. (2019). 
Genome evolution of coral reef symbionts as intracellular residents. Trends 
Ecol. Evol. 34, 799–806. doi: 10.1016/j.tree.2019.04.010

González-Pech, R. A., Stephens, T. G., Chen, Y., Mohamed, A. R., Cheng, Y., 
Shah, S., et al. (2021). Comparison of 15 dinoflagellate genomes reveals 
extensive sequence and structural divergence in family Symbiodiniaceae 
and genus Symbiodinium. BMC Biol. 19:73. doi: 10.1186/s12915-021- 
00994-6

Greenfield, P., and Roehm, U. (2013). Answering biological questions by querying 
k-mer databases. Concurr. Comput. Pract. Exper. 25, 497–509. doi: 10.1002/
cpe.2938

Gruber, K. F., Voss, R. S., and Jansa, S. A. (2007). Base-compositional heterogeneity 
in the RAG1 locus among didelphid marsupials: implications for phylogenetic 
inference and the evolution of GC content. Syst. Biol. 56, 83–96. doi: 
10.1080/10635150601182939

Hoang, D. T., Chernomor, O., von Haeseler, A., Minh, B. Q., and Vinh, L. S. 
(2018). UFBoot2: improving the ultrafast bootstrap approximation. Mol. Biol. 
Evol. 35, 518–522. doi: 10.1093/molbev/msx281

Höhl, M., and Ragan, M. A. (2007). Is multiple-sequence alignment required 
for accurate inference of phylogeny? Syst. Biol. 56, 206–221. doi: 
10.1080/10635150701294741

Hume, B. C., Smith, E. G., Ziegler, M., Warrington, H. J., Burt, J. A., 
LaJeunesse, T. C., et al. (2019). SymPortal: a novel analytical framework 
and platform for coral algal symbiont next-generation sequencing ITS2 
profiling. Mol. Ecol. Resour. 19, 1063–1080. doi: 10.1111/1755-0998. 
13004

Hume, B. C., Ziegler, M., Poulain, J., Pochon, X., Romac, S., Boissin, E., et al. 
(2018). An improved primer set and amplification protocol with increased 
specificity and sensitivity targeting the Symbiodinium ITS2 region. PeerJ 
6:e4816. doi: 10.7717/peerj.4816

Jacobus, A. P., Stephens, T. G., Youssef, P., Gonzalez-Pech, R., 
Ciccotosto-Camp, M. M., Dougan, K. E., et al. (2021). Comparative genomics 
supports that brazilian bioethanol Saccharomyces cerevisiae comprise a unified 
group of domesticated strains related to cachaça spirit yeasts. Front. Microbiol. 
12:644089. doi: 10.3389/fmicb.2021.644089

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articles/10.3389/fpls.2022.815714/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.815714/full#supplementary-material
https://doi.org/10.1080/10635150802306527
https://doi.org/10.1111/mec.12869
https://doi.org/10.1146/annurev.ecolsys.34.011802.132417
https://doi.org/10.1093/bib/bbx067
https://doi.org/10.1093/bib/bbx067
https://doi.org/10.1038/srep28970
https://doi.org/10.1038/srep28970
https://doi.org/10.1128/mSystems.00257-18
https://doi.org/10.12688/f1000research.10225.2
https://doi.org/10.12688/f1000research.10225.2
https://doi.org/10.1007/978-1-0716-1099-2_5
https://doi.org/10.1007/978-1-0716-1099-2_5
https://doi.org/10.1093/bib/bbt052
https://doi.org/10.1038/srep06504
https://doi.org/10.1186/1745-6150-8-3
https://doi.org/10.7717/peerj.3472
https://doi.org/10.1038/ismej.2015.80
https://doi.org/10.1101/2022.04.10.487810
https://doi.org/10.1016/j.tim.2022.1002.1001
https://doi.org/10.1016/j.tim.2022.1002.1001
https://doi.org/10.1186/1471-2105-7-S5-S21
https://doi.org/10.1186/1471-2105-7-S5-S21
https://doi.org/10.1016/j.patcog.2008.06.026
https://doi.org/10.1038/s41576-021-00354-8
https://doi.org/10.1016/j.tree.2019.04.010
https://doi.org/10.1186/s12915-021-00994-6
https://doi.org/10.1186/s12915-021-00994-6
https://doi.org/10.1002/cpe.2938
https://doi.org/10.1002/cpe.2938
https://doi.org/10.1080/10635150601182939
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1080/10635150701294741
https://doi.org/10.1111/1755-0998.13004
https://doi.org/10.1111/1755-0998.13004
https://doi.org/10.7717/peerj.4816
https://doi.org/10.3389/fmicb.2021.644089


Lo et al. Alignment-Free Analysis of Algal Genomes

Frontiers in Plant Science | www.frontiersin.org 12 April 2022 | Volume 13 | Article 815714

Jain, C., Koren, S., Dilthey, A., Phillippy, A. M., and Aluru, S. (2018). A fast 
adaptive algorithm for computing whole-genome homology maps. 
Bioinformatics 34, i748–i756. doi: 10.1093/bioinformatics/bty597

Kashi, Y., and King, D. G. (2006). Simple sequence repeats as advantageous 
mutators in evolution. Trends Genet. 22, 253–259. doi: 10.1016/j.tig.2006.03.005

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment 
software version 7: improvements in performance and usability. Mol. Biol. 
Evol. 30, 772–780. doi: 10.1093/molbev/mst010

Kent, W. J. (2002). BLAT—the BLAST-like alignment tool. Genome Res. 12, 
656–664. doi: 10.1101/gr.229202

Kupczok, A., Schmidt, H. A., and Von Haeseler, A. (2010). Accuracy of phylogeny 
reconstruction methods combining overlapping gene data sets. Algorithms 
for Molecular Biology 5, 1–17. doi: 10.1186/1748-7188-5-37

LaJeunesse, T. C., Parkinson, J. E., Gabrielson, P. W., Jeong, H. J., Reimer, J. D., 
Voolstra, C. R., et al. (2018). Systematic revision of Symbiodiniaceae highlights 
the antiquity and diversity of coral endosymbionts. Curr. Biol. 28, 2570–2580.e6. 
doi: 10.1016/j.cub.2018.07.008

LaJeunesse, T. C., Wiedenmann, J., Casado-Amezúa, P., D’Ambra, I., Turnham, K. E., 
Nitschke, M. R., et al. (2021). Revival of Philozoon Geddes for host-specialized 
dinoflagellates, ‘zooxanthellae’, in animals from coastal temperate zones of northern 
and southern hemispheres. Eur. J. Phycol. doi: 10.1080/09670262.2021.1914863

Li, Z., De La Torre, A. R., Sterck, L., Cánovas, F. M., Avila, C., Merino, I., et al. 
(2017). Single-copy genes as molecular markers for phylogenomic studies in 
seed plants. Genome Biol. Evol. 9, 1130–1147. doi: 10.1093/gbe/evx070

Li, T., Yu, L., Song, B., Song, Y., Li, L., Lin, X., et al. (2020). Genome improvement 
and core gene set refinement of Fugacium kawagutii. Microorganisms 8, 
102. doi: 10.3390/microorganisms8010102

Lin, S., Cheng, S., Song, B., Zhong, X., Lin, X., Li, W., et al. (2015). The 
Symbiodinium kawagutii genome illuminates dinoflagellate gene expression 
and coral symbiosis. Science 350, 691–694. doi: 10.1126/science. 
aad0408

Liu, H., Stephens, T. G., González-Pech, R. A., Beltran, V. H., Lapeyre, B., 
Bongaerts, P., et al. (2018). Symbiodinium genomes reveal adaptive evolution 
of functions related to coral-dinoflagellate symbiosis. Commun. Biol. 1:95. 
doi: 10.1038/s42003-018-0098-3

Lynch, M. (2002). Intron evolution as a population-genetic process. Proc. Natl. 
Acad. Sci. U. S. A. 99, 6118–6123. doi: 10.1073/pnas.092595699

Mapleson, D., Garcia Accinelli, G., Kettleborough, G., Wright, J., and Clavijo, B. J. 
(2017). KAT: a K-mer analysis toolkit to quality control NGS datasets and 
genome assemblies. Bioinformatics 33, 574–576. doi: 10.1093/bioinformatics/
btw663

Marçais, G., and Kingsford, C. (2011). A fast, lock-free approach for efficient 
parallel counting of occurrences of k-mers. Bioinformatics 27, 764–770. doi: 
10.1093/bioinformatics/btr011

Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D., 
Von Haeseler, A., et al. (2020). IQ-TREE 2: new models and efficient methods 
for phylogenetic inference in the genomic era. Mol. Biol. Evol. 37, 1530–1534. 
doi: 10.1093/molbev/msaa015

Nand, A., Zhan, Y., Salazar, O. R., Aranda, M., Voolstra, C. R., and Dekker, J. 
(2021). Genetic and spatial organization of the unusual chromosomes of 
the dinoflagellate Symbiodinium microadriaticum. Nat. Genet. 53, 618–629. 
doi: 10.1038/s41588-021-00841-y

Nitschke, M. R., Craveiro, S. C., Brandão, C., Fidalgo, C., Serôdio, J., Calado, A. J., 
et al. (2020). Description of Freudenthalidium gen. nov. and Halluxium gen. 
nov. to formally recognize clades Fr3 and H as genera in the family 
Symbiodiniaceae (Dinophyceae). J. Phycol. 56, 923–940. doi: 10.1111/jpy.12999

Ortiz, J. C., González-Rivero, M., and Mumby, P. J. (2013). Can a thermally 
tolerant symbiont improve the future of Caribbean coral reefs? Glob. Chang. 
Biol. 19, 273–281. doi: 10.1111/gcb.12027

Oti, M., Pane, A., and Sammeth, M. (2018). Comparative genomics in Drosophila. 
Methods Mol. Biol. 1704, 433–450. doi: 10.1007/978-1-4939-7463-4_17

Parenteau, J., and Abou Elela, S. (2019). Introns: good day junk is bad day 
treasure. Trends Genet. 35, 923–934. doi: 10.1016/j.tig.2019.09.010

Pochon, X., and LaJeunesse, T. C. (2021). Miliolidium n. gen, a new symbiodiniacean 
genus whose members associate with soritid foraminifera or are free-living. 
J. Eukaryot. Microbiol. 68:e12856. doi: 10.1111/jeu.12856

Pochon, X., Putnam, H. M., and Gates, R. D. (2014). Multi-gene analysis of 
Symbiodinium dinoflagellates: a perspective on rarity, symbiosis, and evolution. 
PeerJ 2:e394. doi: 10.7717/peerj.394

Pochon, X., Wecker, P., Stat, M., Berteaux-Lecellier, V., and Lecellier, G. (2019). 
Towards an in-depth characterization of Symbiodiniaceae in tropical giant 
clams via metabarcoding of pooled multi-gene amplicons. PeerJ 7:e6898. 
doi: 10.7717/peerj.6898

Posada, D. (2013). Phylogenetic models of molecular evolution: next-generation 
data, fit, and performance. J. Mol. Evol. 76, 351–352. doi: 10.1007/
s00239-013-9566-z

Price, D. C., and Bhattacharya, D. (2017). Robust Dinoflagellata phylogeny 
inferred from public transcriptome databases. J. Phycol. 53, 725–729. doi: 
10.1111/jpy.12529

Quinlan, A. R., and Hall, I. M. (2010). BEDTools: a flexible suite of utilities 
for comparing genomic features. Bioinformatics 26, 841–842. doi: 10.1093/
bioinformatics/btq033

Ragan, M. A., and Chan, C. X. (2013). Biological intuition in alignment-free 
methods: response to Posada. J. Mol. Evol. 77, 1–2. doi: 10.1007/s00239-013-9573-0

Reinert, G., Chew, D., Sun, F., and Waterman, M. S. (2009). Alignment-free 
sequence comparison (I): statistics and power. J. Comput. Biol. 16, 1615–1634. 
doi: 10.1089/cmb.2009.0198

Ren, J., Bai, X., Lu, Y. Y., Tang, K., Wang, Y., Reinert, G., et al. (2018). 
Alignment-free sequence analysis and applications. Annu. Rev. Biomed. Data 
Sci. 1, 93–114. doi: 10.1146/annurev-biodatasci-080917-013431

Robbins, S. J., Singleton, C. M., Chan, C. X., Messer, L. F., Geers, A. U., 
Ying, H., et al. (2019). A genomic view of the reef-building coral Porites 
lutea and its microbial symbionts. Nat. Microbiol. 4, 2090–2100. doi: 10.1038/
s41564-019-0532-4

Robinson, D. F., and Foulds, L. R. (1981). Comparison of phylogenetic trees. 
Math. Biosci. 53, 131–147. doi: 10.1016/0025-5564(81)90043-2

Rogozin, I. B., Wolf, Y. I., Sorokin, A. V., Mirkin, B. G., and Koonin, E. V. 
(2003). Remarkable interkingdom conservation of intron positions and 
massive, lineage-specific intron loss and gain in eukaryotic evolution. Curr. 
Biol. 13, 1512–1517. doi: 10.1016/S0960-9822(03)00558-X

Saad, O. S., Lin, X., Ng, T. Y., Lim, L., Ang, P., and Lin, S. (2022). Species 
richness and generalists–specialists mosaicism of symbiodiniacean symbionts 
in corals from Hong Kong revealed by high-throughput ITS sequencing. 
Coral Reefs 41, 1–12. doi: 10.1007/s00338-021-02196-6

Schliep, K. P. (2011). Phangorn: phylogenetic analysis in R. Bioinformatics 27, 
592–593. doi: 10.1093/bioinformatics/btq706

Shen, W., Le, S., Li, Y., and Hu, F. (2016). Seqkit: a cross-platform and ultrafast 
toolkit for FASTA/Q file manipulation. PLoS One 11:e0163962. doi: 10.1371/
journal.pone.0163962

Shoguchi, E., Beedessee, G., Tada, I., Hisata, K., Kawashima, T., Takeuchi, T., 
et al. (2018). Two divergent Symbiodinium genomes reveal conservation of 
a gene cluster for sunscreen biosynthesis and recently lost genes. BMC 
Genomics 19:458. doi: 10.1186/s12864-018-4857-9

Shoguchi, E., Shinzato, C., Kawashima, T., Gyoja, F., Mungpakdee, S., Koyanagi, R., 
et al. (2013). Draft assembly of the Symbiodinium minutum nuclear genome 
reveals dinoflagellate gene structure. Curr. Biol. 23, 1399–1408. doi: 10.1016/j.
cub.2013.05.062

Song, B., Morse, D., Song, Y., Fu, Y., Lin, X., Wang, W., et al. (2017). Comparative 
genomics reveals two major bouts of gene retroposition coinciding with 
crucial periods of Symbiodinium evolution. Genome Biol. Evol. 9, 2037–2047. 
doi: 10.1093/gbe/evx144

Stat, M., Bird, C. E., Pochon, X., Chasqui, L., Chauka, L. J., Concepcion, G. T., 
et al. (2011). Variation in Symbiodinium ITS2 sequence assemblages among 
coral colonies. PLoS One 6:e15854. doi: 10.1371/journal.pone.0015854

Stephens, T. G., González-Pech, R. A., Cheng, Y., Mohamed, A. R., Burt, D. W., 
Bhattacharya, D., et al. (2020). Genomes of the dinoflagellate Polarella glacialis 
encode tandemly repeated single-exon genes with adaptive functions. BMC 
Biol. 18:56. doi: 10.1186/s12915-020-00782-8

Stephens, T. G., Ragan, M. A., Bhattacharya, D., and Chan, C. X. (2018). Core 
genes in diverse dinoflagellate lineages include a wealth of conserved dark 
genes with unknown functions. Sci. Rep. 8:17175. doi: 10.1038/
s41598-018-35620-z

Suggett, D. J., Goyen, S., Evenhuis, C., Szabó, M., Pettay, D. T., Warner, M. E., 
et al. (2015). Functional diversity of photobiological traits within the genus 
Symbiodinium appears to be  governed by the interaction of cell size with 
cladal designation. New Phytol. 208, 370–381. doi: 10.1111/nph.13483

Thornhill, D. J., LaJeunesse, T. C., and Santos, S. R. (2007). Measuring rDNA 
diversity in eukaryotic microbial systems: how intragenomic variation, 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1093/bioinformatics/bty597
https://doi.org/10.1016/j.tig.2006.03.005
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1101/gr.229202
https://doi.org/10.1186/1748-7188-5-37
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.1080/09670262.2021.1914863
https://doi.org/10.1093/gbe/evx070
https://doi.org/10.3390/microorganisms8010102
https://doi.org/10.1126/science.aad0408
https://doi.org/10.1126/science.aad0408
https://doi.org/10.1038/s42003-018-0098-3
https://doi.org/10.1073/pnas.092595699
https://doi.org/10.1093/bioinformatics/btw663
https://doi.org/10.1093/bioinformatics/btw663
https://doi.org/10.1093/bioinformatics/btr011
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1038/s41588-021-00841-y
https://doi.org/10.1111/jpy.12999
https://doi.org/10.1111/gcb.12027
https://doi.org/10.1007/978-1-4939-7463-4_17
https://doi.org/10.1016/j.tig.2019.09.010
https://doi.org/10.1111/jeu.12856
https://doi.org/10.7717/peerj.394
https://doi.org/10.7717/peerj.6898
https://doi.org/10.1007/s00239-013-9566-z
https://doi.org/10.1007/s00239-013-9566-z
https://doi.org/10.1111/jpy.12529
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1007/s00239-013-9573-0
https://doi.org/10.1089/cmb.2009.0198
https://doi.org/10.1146/annurev-biodatasci-080917-013431
https://doi.org/10.1038/s41564-019-0532-4
https://doi.org/10.1038/s41564-019-0532-4
https://doi.org/10.1016/0025-5564(81)90043-2
https://doi.org/10.1016/S0960-9822(03)00558-X
https://doi.org/10.1007/s00338-021-02196-6
https://doi.org/10.1093/bioinformatics/btq706
https://doi.org/10.1371/journal.pone.0163962
https://doi.org/10.1371/journal.pone.0163962
https://doi.org/10.1186/s12864-018-4857-9
https://doi.org/10.1016/j.cub.2013.05.062
https://doi.org/10.1016/j.cub.2013.05.062
https://doi.org/10.1093/gbe/evx144
https://doi.org/10.1371/journal.pone.0015854
https://doi.org/10.1186/s12915-020-00782-8
https://doi.org/10.1038/s41598-018-35620-z
https://doi.org/10.1038/s41598-018-35620-z
https://doi.org/10.1111/nph.13483


Lo et al. Alignment-Free Analysis of Algal Genomes

Frontiers in Plant Science | www.frontiersin.org 13 April 2022 | Volume 13 | Article 815714

pseudogenes, and PCR artifacts confound biodiversity estimates. Mol. Ecol. 
16, 5326–5340. doi: 10.1111/j.1365-294X.2007.03576.x

Wang, M., and Kong, L. (2019). Pblat: A multithread blat algorithm speeding 
up aligning sequences to genomes. BMC Bioinformatics 20:28. doi: 10.1186/
s12859-019-2597-8

Zielezinski, A., Girgis, H. Z., Bernard, G., Leimeister, C.-A., Tang, K., Dencker, T., 
et al. (2019). Benchmarking of alignment-free sequence comparison methods. 
Genome Biol. 20:144. doi: 10.1186/s13059-019-1755-7

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2022 Lo, Dougan, Chen, Shah, Bhattacharya and Chan. This is an open-
access article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/j.1365-294X.2007.03576.x
https://doi.org/10.1186/s12859-019-2597-8
https://doi.org/10.1186/s12859-019-2597-8
https://doi.org/10.1186/s13059-019-1755-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Alignment-Free Analysis of Whole-Genome Sequences From Symbiodiniaceae Reveals Different Phylogenetic Signals in Distinct Regions
	Introduction
	Materials and Methods
	Genome Data
	Inference of Reference Phylogeny Using Large Subunit rRNA
	Optimisation of k Length for Phylogenetic Inference
	Alignment-Free Phylogenetic Inference Using k-mers
	Comparison of Tree Topologies
	Identification of Core k-mers and Their Putative Function
	Prevalence of Repeats in Symbiotic Symbiodinium Versus Free-Living Symbiodinium

	Results and Discussion
	Phylogenetic Signal in Distinct Genomic Regions Captured Using k-mers
	Repeats and Non-genic Regions Are More Evolutionarily Conserved Than Genic Regions
	Repeats Significant in Symbiotic Versus Free-Living Symbiodinium
	Representing Alignment-Free Phylogenies as Networks
	Alignment-Free Phylogenetics in the Genomic Era

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding

	References

