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Introduction

Algae are photosynthetic eukaryotes, including macro-
phytes and unicellular microalgae distributed in aquatic 
ecosystems (Simpson et al., 2017). Diverse algal species in-
habit a variety of environments, including common meso- 
philic environments and some extreme environments (e.g., 
high acidity, low temperature, and high salinity places; 
Rossoni et al., 2019; Zhang et al., 2020). Algal photosyn-
thesis contributes globally to carbon fixation and primary 
production, which ecological roles (e.g., primary produc-
tion in polar regions, symbiotic microalgae in corals, and 
photosynthesis under low light conditions) are extremely 
important in interactions with other eukaryotes (Gradinger,  
2009; Brodie et al., 2017; Mercado et al., 2020). As 
photosynthetic organelles, plastids were derived from a 
primary endosymbiosis event, in which an ancient hetero-
trophic eukaryote engulfed the cyanobacterial symbiont 
and then integrated it as an intracellular organelle (Bhat-
tacharya et al., 2004; Timmis et al., 2004; Keeling, 2010; 
Ponce-Toledo et al., 2017). The primary endosymbiosis 
is believed to have occurred at least >1 billion years ago 

(BYA) up to 1.6 BYA from a single common ancestor, 

which is supported by molecular timeline methods with 
fossil records (Butterfield, 2000; Yoon et al., 2004; Par-
frey et al., 2011; Bengtson et al., 2017; Sánchez-Bara-
caldo et al., 2017; Gibson et al., 2018; Tang et al., 2020; 
Strassert et al., 2021). The ancient endosymbiosis group 
diverged into the current three major photosynthetic 
lineages (i.e., primary endosymbiosis group) known as 
Archaeplastida including Rhodophyta (red algae), Vir-
idiplantae (also known as Chloroplastida; green algae, and 
land plants), and Glaucophyta (glaucophyte algae) (Adl 
et al., 2005; Rodríguez-Ezpeleta et al., 2005; Chan et al., 
2011; Price et al., 2012). Currently, non-photosynthetic  
Rhodelphis has been reported as a sister group of red  
algae within Archeaplastida (Gawryluk et al., 2019).

Through the primary endosymbiosis, a large proportion 

(>90%) of genes in the ancient cyanobacterial symbiont 
genome has been lost, but some of them were trans-
ferred into the eukaryotic host nuclear genome, which is 
referred to as endosymbiotic gene transfer (EGT) (Tim-
mis et al., 2004; de Vries et al., 2016; Lee et al., 2016a). 
Interestingly, three Archaeplastida lineages underwent 
differential rates of EGT and gene gain/loss processes. 
Red algae showed the most extensive gene inventory in 
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plastid genomes but the smallest number of EGT-derived 
nuclear-encoded genes (e.g., 75% in plastid genomes, 
1% in nuclear genomes, and outright gene loss). Thus, 
red algal photosynthetic machineries are mainly encoded 
in the plastid genome rather than in the nuclear genome. 
In contrast, Viridiplantae shows the largest number of 
EGT-derived nuclear-encoded genes (e.g., 50% in plas-
tid genomes, 25% in nuclear genomes, and outright gene 
loss) among Archaeplastida lineages (Lee et al., 2016a). 
Although the common ancient EGTs of several plastid 
core functions are present in Archaeplastida species geno
mes (e.g., TIC/TOC complex, cytochrome, ferredoxin, 
and ATPase complexes), the different evolutionary tra-
jectories construct the different types of photosynthetic 
machineries between green and red lineages, such as 
light-harvesting complexes (i.e., chlorophyll-b and phy-
cobilisome, respectively), and their pigment compositions 

(Bryant and Canniffe, 2018; Giovagnetti and Ruban, 
2018; Lee et al., 2019). From the primary endosymbiosis 
lineages, plastids of red and green algal ancestors were 
transferred again to other eukaryotes, establishing both 
secondary and tertiary (or serial) endosymbiosis lineages. 
The plastids of stramenopiles (Stramenopila; e.g., diatoms 
and brown algae), alveolates (e.g., dinoflagellates and api-
complexans), haptophytes, and cryptophytes were derived 
from the red algal ancestor, whereas the chlorarachnio-

phytes and euglenids were originated from a green algal 
ancestor (Bhattacharya et al., 2004; Keeling, 2010; Bhat-
tacharya and Price, 2020; Sibbald and Archibald, 2020). 
Algal lineages show huge biodiversity (>20,000 species 
records) in aquatic environments with morphological and 
physiological diversities (Fig. 1; Guiry and Guiry, 2021).  
In terms of genetic diversity, independent functional gene 
divergences (e.g., phycobilisome linker proteins in red  
algae) and horizontal gene transfer events (e.g., ice-bind-
ing proteins in green alga Chlamydomonas sp. and mer-
curic reductases in extremophilic red algae), from broad 
taxonomic ranges to algae, contributed to increase genetic 
diversity in their genomes, and some of the genes led to 
the acquisition of innovative adaptive functions (Lee et 
al., 2016b; 2019; Rossoni et al., 2019; Zhang et al., 2020; 
Van Etten and Bhattacharya, 2020). Furthermore, another  
independent primary endosymbiosis occurred in the rhi-
zarian amoeba Paulinella, which contains alpha-cyano
bacterium-derived photosynthetic organelle (called chro
matophore), with a different evolutionary history in the 
genomes compared to other primary endosymbiosis linea- 
ges (Nowack et al., 2008; Reyes-Prieto et al., 2010; Lhee 
et al., 2021). Algal genomics has contributed to the dis-
covery of the complicated evolutionary history of algal 
lineages within the eukaryotic tree of life (Keeling, 2010; 
Bhattacharya and Price, 2020; Sibbald and Archibald, 

Fig. 1. Phase-contrast microscopy images of diverse algal taxa. A. Rhodella maculata CCMP736 (Rhodophyta). B. Dixoniella grisea 
CCMP1916 (Rhodophyta). C. Emiliania huxleyi (Haptophyta). D. Diacronema lutheri LIMS-PS-0073 (Haptophyta). E. Proteomonas sul-
cata (Cryptophyta). F. Rhinomonas nottbecki (Cryptophyta). G. Coolia monotis (Alveolata). H. Sungminbooa australiensis (Pelagophyceae; 
Stramenopiles). I. Halamphora pseudohyalina (Bacillariophyceae; Stramenopiles). J. Navicula avium (Bacillariophyceae; Stramenopiles). 
K. Thalassiosira gravida ( = T. rotula; Bacillariophyceae; Stramenopiles). L. Ditylum sol (Bacillariophyceae; Stramenopiles). Multifocus 
light microscopy images were merged, and white balances were properly adjusted by Adobe Photoshop and Illustrator (scale bars: A-F, and 
H-J = 15 μm; G, and K = 40 μm; L = 100 μm).
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2020).
However, independently evolved gene families, recent 

rapid radiations, natural hybridization, and introgression 
can make incongruent evolutionary relationships within 
the lineage compared to previously studied species-trees in 
diverse taxa (Shaw, 2002; Fehrer et al., 2007; Toews and 
Brelsford, 2012; Jarvis et al., 2014; Kumar et al., 2017; 
Lee et al., 2018a; Russell et al., 2021). Because geno- 
mics approaches enable the use of thousands of genes to 
construct multigene phylogenies, this method can help to  
recognize such complicated evolutionary histories (i.e., 
phylogenetic relationship) and discover what is the major- 
ity among the different phylogenetic or taxonomic scena
rios (Keeling and Burki, 2019; Lee et al., 2019; Bhattacha-
rya and Price, 2020). Horizontal gene transfers (HGTs)  
can introduce diverse functions in algal genomes, and 
the HGT-derived algal pangenomes, including both core  
genome shared by all isolates and partially shared strain- 
specific genes of the species (Tettelin et al., 2005), are rela- 
ted to environmental adaptations (Rossoni et al., 2019; 
Zhang et al., 2020). Due to the falling cost of genome seq
uencing, more algal genomes and transcriptomes at spe-
cies/population-level will be available in the near future.  
These data will provide better information on genome 
variability between species or populations. Comprehen-
sive understanding using population genomics and pange-
nome data would bring a new concept for the integrated 
algal species boundaries.

Algal Genomics for Molecular 
Phylogeny and Taxonomy

Algal taxonomy was initially established by morphologi- 
cal (by light and electron microscopic observations) and 
physiological features (e.g., the composition of pigments). 
Beyond the algal alpha taxonomy, diverse methodologi-
cal approaches have been developed, such as characteris-
tics-based cladistics and PCR-based molecular phylogeny 

(Gabrielson et al., 1985; Freshwater et al., 1994; Ragan et 
al., 1994; Yoon et al., 2002). In particular, the advances in 
molecular biology (i.e., determination of DNA sequences 
and molecular phylogenetic methods) enable the easy rec-
ognition of diverse cryptic species, whereas morphologi-
cal characteristics cannot be distinguished; this has led to 
the discovery of several hidden species’ diversity (Zuc-
carello and West, 2003; Saunders and Lehmkuhl, 2005; 
Medlin et al., 2007; Payo et al., 2013; Díaz-Tapia et al., 
2018). Through the molecular phylogenetic approaches, 
algal systematics is being gradually re-established (Yoon 
et al., 2006; Medlin et al., 2007; Yoon et al., 2010; Graf 
et al., 2020). However, incongruent phylogenetic relation-
ships were frequently identified at all taxonomic levels 
when analyzed by two or more independent gene align-

ments or different combinations of gene concatenations. 
Several technical issues (e.g., insufficient data, model sel- 
ection, and taxon sampling bias) could make such phylo
genetic incongruence (Theriot et al., 2010; Sun et al., 
2015; Hu et al., 2020). Still, in many cases, even more 
data and broad taxon samples with appropriate analytical 
methods cannot establish a clear consensus among the 
datasets because the conflicts are potentially caused by 
diverse evolutionary histories of genes (e.g., convergent 
evolution, rapid diversification, hybridization, and incom-
plete lineage sorting) (Wendel and Doyle, 1998; Medlin et 
al., 2007).

In the end, genomics and transcriptomics approaches 
were introduced to molecular phylogeny fields to resolve 
such phylogenetic incongruences because these methods  
allow the generation of substantial gene datasets and help  
researchers to reach a clear consensus (Rokas et al., 2003;  
Rudd, 2003). Recently, diverse and useful high-through-
put sequencing technologies have been developed that 
can be applied in many algal studies (Song et al., 2016; 
Oliveira et al., 2018). Through the methodological imp
rovements with a reasonable cost, diverse algal genomes 
and transcriptomes were generated. Especially, organelle 
genomes (i.e., mitochondria and plastids) were sequenced 
from diverse algal lineages, including broader taxon sam- 
pling. As a result, the phylogenomic analysis based on up  
to over a hundred organelle genes provided highly res
olved phylogenetic relationships at order and family (or 
higher taxonomic) level (Costa et al., 2016; Lee et al., 
2016a; 2018; Díaz-Tapia et al., 2017; 2019; Kim et al., 
2017; Muñoz-Gómez et al., 2017; Iha et al., 2018). In 
addition, several approaches for marker gene selection 

(Janouškovec et al., 2013; Gulbrandsen et al., 2021) and 
binning methods (e.g., TIGER; Cummins and Mclnerney, 
2011; Lee et al., 2018a) have also been used to construct 
multigene phylogenies. Through these studies, the field of 
algal systematics became more rigorous. However, con-
flicts still occur between gene-trees and species-trees, and 
several hidden evolutionary histories were still discov-
ered whether multigene phylogeny was constructed from 
several genes or from hundreds of genes. For example, 
a glaucophyte genus Cyanophora shows a strong mono- 
phyly in the concatenated multigene phylogenies using 
134 plastid and 34 mitochondrial genes, but its interspe-
cies relationships differ from these organelle genomes 

(Russell et al., 2021). Coralline red algae also showed two  
different phylogenetic relationships with strong bootstrap 
supporting values at the ordinal level, constructed by con-
catenated multigene phylogenies of 195 plastid and 22 
mitochondrial genes, respectively (Lee et al., 2018a). In 
addition, individual phylogenies of the coralline red algal  
plastid genes were divided into three different phyloge-
netic divergence patterns with fully supported bootstrap 
values in all branches that are believed to be derived from  
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incomplete lineage sorting (ILS) in early diverged coral-
line orders (Lee et al., 2018a). ILS generally refers to the 
conflict between a single gene phylogeny and population 
or species level phylogeny caused by the retention of 
genetic polymorphism, and this leads to serious difficul-
ties for phylogenetic inference (Maddison et al., 2006). 
The reticulate gene phylogenies could be derived not 
only from commonly shared genes (e.g., cases of ILS) but 
also from foreign genetic materials. HGTs, which indi- 
cate the introduction of novel gene sources from taxo
nomically distinct organisms (e.g., bacteria, and other 
algal lineages) to algal genomes, could create reticulate 
gene phylogenies (Van Etten and Bhattacharya, 2020). 
Therefore, to analyze a clear phylogenetic relationship, 
whether target genes are derived from a common ancestor 
or from HGTs, it has to be accurately recognized by indi-
vidual gene phylogeny with homologous target genes.

As the generation of genome sequencing data in the al-
gal research field is rapidly growing, phylogenomic app
roaches using diverse algal genomes and transcriptomes 
have been widely applied. The analysis results provide 
helpful information to recognize what is the consensus 

(i.e., species-tree or true evolutionary history) among 
the diverse phylogenetic relationships (Price et al., 2012; 
Collén et al., 2013; Keeling et al., 2014; Brawley et al., 

2017; Lee et al., 2018a; 2019; Rossoni et al., 2019; Bhat-
tacharya and Price, 2020; Zhang et al., 2020). However,  
because some meaningful biological processes (e.g., 
ILS) could be easily ignored in the species-tree construc
ted using concatenated multigene data, several different 
phylogenetic approaches for constructing the species-tree 
have been suggested, such as the coalescence tree, net-
work-based tree, or their combinations, that enable the 
visualization of several major (or all) phylogenetic varia-
tions (Huson and Bryant, 2006; Xi et al., 2014; Edge and 
Coop, 2019; Mao et al., 2020). For example, the concat-
enated multigene phylogeny using red algal 170 plastid 
genes showed a clear interclass relationship (Fig. 2A; 
Muñoz-Gómez et al., 2017), but the concatenated multi-
gene phylogeny of 4,777 nuclear genes showed a different 
interclass relationship (Fig. 2B; Lee et al., 2019). None-
theless, interclass relationships in both phylogenies were 
strongly supported. The phylogenetic conflict between 
plastid and nuclear genomes may be derived by complex 
evolutionary histories in subphylum Proteorhodophytina, 
identified by the intertwining phylogenetic tree network 

(Fig. 2C). The two different topologies are merged and  
visualized by the method of intertwining phylogenetic 
trees and networks (Schliep et al., 2017) with the phangorn 
package in R (https://github.com/KlausVigo/phangorn).

Fig. 2. The red algal phylogenomic approaches. A. Concatenated multigene phylogeny using 170 plastid genes (Muñoz-Gómez et al., 
2017). B. Concatenated multigene phylogeny using 4,777 nuclear genes (Lee et al., 2019). C. Intertwining phylogenetic network tree of red 
algal plastid and nuclear multigene phylogenies.
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Modern phylogenomic approaches allow us to identify 
unified (e.g., species-tree), complex (e.g., network), and 
hidden (e.g., conflict with each strong support) phylogene
tic relationships. However, it is still controversial to ans
wer what is the best method of phylogenetic analysis. 
Therefore, multiple or sequential methodological appro
aches of phylogenetic analysis are required to accurately  
interpret algal phylogeny and evolution, although the con
catenation method is still helpful for constructing a con-
sensus species-tree (Pirie, 2015).

Algal Genomics for Biodiversity  
within Eukaryotic Tree of Life

The primary endosymbiosis event gave rise to a large 
number of algal species that was recently reported as 7,314 
red algae, 11,667 green lineages (i.e., non-land plants), 
and 25 glaucophyte algae species (March 2021; Guiry and 
Guiry, 2021). After the establishment of the primary en-
dosymbiosis group, both the red and green algal plastids 
were also transferred to other eukaryotes through second-
ary and tertiary endosymbiosis, and then diverse photo-
synthetic eukaryotes have emerged, such as stramenopiles 

(e.g., diatoms and brown algae), alveolates (e.g., dinofla-
gellates and apicomplexans), haptophytes, cryptophytes, 
chlorarachniophytes, and euglenids (Keeling et al., 2014; 
Keeling and Burki, 2019; Bhattacharya and Price, 2020; 
Sibbald and Archibald, 2020). These “secondary/tertiary” 
endosymbiosis lineages show considerable biodiversity 

(>20,000 species records) compared to algal descendants 

(excluding land plants) of primary endosymbiosis lineages 

(Guiry and Guiry, 2021). In particular, diatoms (Fig. 1),  
which are the most widespread marine phytoplankton lin-
eage belonging to stramenopiles, show the most extensive 
biodiversity (>16,000 species) among photosynthetic 
eukaryotes, followed by dinoflagellates (>3,000 species), 
brown algae (>2,000 species), and euglenozoans (>1,500 
species) (Guiry and Guiry, 2021). In addition, algal lin-
eages constitute a large portion within the eukaryote Tree 
of Life (eToL). Currently, the eToL has been profoundly  
rearranged through phylogenomic approaches and the dis-
coveries of several novel eukaryotic lineages, resulting in 
the suggestion of the supergroup model of the eToL (Fig. 
3; Burki et al., 2019; Sibbald and Archibald, 2020). The 
supergroup model includes Archaeplastida (Rhodophyta,  
Rhodelphis, Viridiplantae/Chloroplastida, and Glauco-
phyta), TSAR (Telonemia, Stramenopila, Alveolata, and 
Rhizaria), Haptista (Haptophyta, Centrohelida, and Rap-
pemonads), Cryptista (Cryptophyta, Katablepharida, and 
Palpitomonas), Amorphea (Amoebozoa, and Obazoa inc
luding Opisthokonta, Breviates, and Apusomonadida),  
CRuMs (Diphylleida, Rigifilida, and Mantamonas), Disco-
ba, Metamonada, Hemimastigophora, and several orphan  

taxa (Malawimonadida, Ancyromonadida, Ancoracysta,  
and Picozoa) (Burki et al., 2019). In the supergroup 
model, diverse photosynthetic algal lineages are mainly  
occupied as follows: Archaeplastida (Rhodophyta, Vir-
idiplantae/Chloroplastida, and Glaucophyta), TSAR 

(chlorarachniophytes and photosynthetic Paulinella in 
Rhizaria, Alveolata, and Stramenopila), Haptista (hapto-
phytes), Cryptista (cryptophytes), and Discoba (photosyn-
thetic euglenids) (Fig. 3; Burki et al., 2019; Sibbald and 
Archibald, 2020). Studies on algal genomics (i.e., algal 
genome/transcriptome data and applications of phyloge
nomics) have strongly contributed to constructing the 
eToL, and the result enables recognizing huge-scaled algal  
biodiversity within the eToL (Fig. 3). However, there 
are still controversies in the construction of true evolu
tionary histories. For example, Cryptista, including a red  
algal plastid-derived lineage (cryptophytes), usually shows  
a monophyletic relationship with Archaeplastida whether 
the branch of Cryptista is a sister clade of Archaeplastida 
or monophyly with one of Archaeplastida lineages. How-
ever, Haptista, including another red algal plastid-derived 
lineage (haptophytes), usually shows a monophyletic rel
ationship with the TSAR clade. Still, it is controversial in  
the eToL because the Haptista clade could also show 
a monophyletic relationship with the Archaeplastida +  
Cryptista clade, depending on phylogenomic approaches 

(Burki et al., 2012; Yabuki et al., 2014; Strassert et al., 
2019; Bhattacharya and Price, 2020). In contrast with the 
phylogenetic controversy, the rpl36 gene in the plastid 
genomes of photosynthetic haptophytes and cryptophytes 
is commonly replaced as bacterial-derived rpl36. This 
condition supports that plastids in haptophytes and cryp-
tophytes are regarded as sister groups (Rice and Palmer, 
2006). The plastid division machinery, minD and minE 
genes, encode in plastid genomes of haptophytes and 
cryptophytes but not in the plastid genomes of red algae, 
stramenopiles, and alveolates (de Vries and Gould, 2018). 
Although these commonly shared features are present 
in the plastid genomes of haptophytes and cryptophytes, 
their paraphyletic relationship may be derived from the 
chimeric origins of ochrophytes (photosynthetic stra-
menopiles) and haptophytes (Dorrell et al., 2017). The 
useful information (e.g., phylogeny and genome variation) 
of algal genome sequences will provide new insights into 
algal biodiversity and its evolutionary trajectories within 
the eToL (Fig. 3).

The Pangenome Concept and  
Algal Taxonomy

Currently, the prokaryote-derived HGTs affected div
erse functions in algal genomes (e.g., polysaccharide 
biosynthesis in brown algae and diatoms), leading to the 
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pangenome concept in algal genomics (Fan et al., 2020). 
The pangenome refers to the set of all genes and genomic 
contents for all the strains of a particular species (typically 
bacteria), including a core genome shared by all isolates, 
plus partially shared strain-specific genes derived by lat-
eral gene transfers (Tettelin et al., 2005). Algal genomics 
studies have revealed that algal genomes also contain 
strain-specific variations in genomes and metabolic reper-
toires (Read et al., 2013; Fan et al., 2020). Indeed, the pro-
karyotic HGT-derived functional genes in algal genomes  
play ecologically and evolutionarily important roles, such 
as environmental adaptations (e.g., heavy metal detoxi-
fication, xenobiotic detoxification, and reactive oxygen 
species scavenging) and genome diversification (Rossoni 
et al., 2019; Fan et al., 2020). Through the HGTs, whether  
this is gene-scaled or genome-scaled (i.e., endosymbiosis),  
the algal species/genome complexity and diversity in the 

eToL are consistently increasing up to date.
Algal pangenomes (i.e., genome variability of intraspe-

cies level) may be derived by diverse evolutionary pro-
cesses like HGTs (Rossoni et al., 2019; Fan et al., 2020), 
sexual genetic recombination (Umen and Coelho, 2019), 
the activity of transposable elements within the genome 

(Bennetzen and Wang, 2014; Lee et al., 2018b), and exter- 
nal mutagens (e.g., UV light; Godfroy et al., 2015). The 
algal genome variability, including genic region varia-
tions, can be easily detected by the resequencing method, 
which is generally used for population genomics (Read 
et al., 2013; Graf et al., 2021). Then, how can we distin-
guish between genome variability of population-level and 
pangenomes? How can we define species boundaries and 
novel species based on algal genome sequences? These 
questions would not simply be issues in studies for line
age-level or deep phylogeny analysis, but there are no 

Fig. 3. Major photosynthetic algal lineages in the eukaryote Tree of Life (eToL). The eToL is reconstructed based on previous studies (Burki 
et al., 2019; Keeling and Burki, 2019; Strassert et al., 2019; Bhattacharya and Price, 2020; Sibbald and Archibald, 2020).
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clear answers yet in species/population-level studies in 
the algal genomics field because there is little study for 
algal pangenome (e.g., Emiliania huxleyi; Read et al., 
2013; Fan et al., 2020; Golicz et al., 2020; Richard et al., 
2020). The concept of population genomics (genetics) 
could conflict with the pangenome concept because the 
HGT-derived gene introductions are hard to share with 
allelic changes in population genomics (Shapiro, 2017). 
In other words, the pangenome concept generally focuses  
on the presence/absence of genes in the genomes of intra
species, but in the population genomics concept, the com-
monly shared genes and their mutations are important 
in intraspecies (Fig. 4). Therefore, there is ambiguity in  
demarcating the boundary of gene evolution between pop-
ulation genomics and pangenomics. At present, the issue  
of including the species concept is actively discussed in the  
bacterial genomics field, but the conclusion still remains 
challenging (Shapiro, 2017; Bobay, 2020; Azarian, et al., 
2020), although many strain-specific bacterial genomes 
were reported on the NCBI genome database (https://
www.ncbi.nlm.nih.gov/genome/). Besides, genomics ap-
proaches in diverse taxa tried to define species boundar-
ies: bacteria (Jain et al., 2018; Matteoli et al., 2020; Willis 
and Woodhouse, 2020), fungi (Matute and Sepúlveda, 
2019; Ono et al., 2020), and animals (MacGuigan et al., 
2017; Barth et al., 2020). To date, however, many nov-
el species (or variety/forma) have been described based 
on morphological characteristics and genetic variations 
in current algal research. Because algal taxonomy and 
systematics were initially established according to mor-
phological characteristics and molecular markers, it is dif-
ficult to accept a bonafide species boundary based solely 
on algal genome variability (i.e., pangenomics). To estab-
lish the modern algal taxonomy, including the pangenome 
concept, firstly, many strain (or population)-specific algal 
genomes are required because these will provide a con-
sensus (or new) concept between pangenomics and popul
ation genomics (Read et al., 2013; Graf et al., 2021). Sec- 
ondly, studies on HGT mechanisms in eukaryotic genomes  
are required (e.g., plasmid-mediated HGTs; Lee et al., 

2016b) because it may cause algal pangenomes and div
erse innovative evolutions. Lastly, single-cell genomics 
studies are required because these approaches could pro-
vide genome information at the individual-based level, 
even if for unculturable natural populations (Yoon et al.,  
2011; Seeleuthner et al., 2018). Multilateral analytic app
roaches will bring a new era of algal genomics and taxo
nomy, although more algal genome sequences are still  
required to clarify algal taxonomy, systematics, and evolu- 
tionary history.
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