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ABSTRACT De novo genome and transcriptome data from a number of marine algal species have recently 
become available, ranging from red, green and brown algae, as well as other photosynthetic eukaryotes, e.g. diatoms 
and dinofl agellates. Phylogenomic approaches are widely adopted to decipher the evolutionary relationships among 
diverse lineages. Novel algal genomes therefore provide an exciting analysis platform for understanding algal biology, 
ecophysiology and diversity, and at a broader scale, eukaryote evolution. In this brief communication, I highlight major 
fi ndings from recent phylogenomic studies of marine algae and their impact to the research fi eld. I then discuss the 
current trends and future directions of phylogenomics, and how we can apply this approach in studying biodiversity 
in the South China Sea.
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INTRODUCTION

Marine algae are essential primary producers in the 
oceans. Having a photoautotrophic (photosynthetic) 
lifestyle, these algae convert carbon dioxide into oxygen 
that is crucial for sustaining the entire marine ecosystems. 
The oceans, covering ca. 70% of the planet surface with 
an estimated area of 362 million km2 and a total volume 
of 1.36 billion km3 [1], consist of diverse marine fl ora 
and fauna. The diversity of algae, both in marine and 
freshwaters, has been conservatively estimated at 
about 300,000 species, with a rough estimate of over 1 
million species [2]. Marine algae encompass microalgae, 
macroalgae (i.e. seaweeds) and phytoplanktons (e.g. 
the ubiquitous diatoms and dinofl agellates), living in a 
wide range of habitats ranging from the estuaries, ocean 
surface to coral reefs. Some marine algae produce high 
level of lipids [3] and hydrocolloid compounds [4], 
showing great potential in biotechnology, particularly in 
the industries of food and animal feed, pharmaceuticals, 
cosmetics, and perhaps more importantly, biofuels [5]. In 
addition, some algae represent the most ancient lineages 
of photosynthetic eukaryotes. Their genomes therefore 
contain clues that will help us understand the evolution 
of photosynthetic eukaryotes, and of all eukaryotes in 
general. A sound understanding of how eukaryotes fi rst 
became photosynthetic is also important for deciphering 
the geological and atmospheric histories of planet Earth, 
e.g. the Great Oxygenation Event ca. 2.4 billion years 
ago [6].

Phylogenomics is the study of evolutionary histories 
among organismal lineages based on comparative 
analysis of genome-scale data. Extending from 
phylogenetic analysis at the gene level, phylogenomic 
inference is commonly observed based on gene-by-
gene [7, 8], concatenated multi-genes [9-11] or whole-
genome [12] comparisons. Recently genome sequences 
of marine algae have become available, providing an 
excellent analysis platform for phylogenomics. In this 
brief communication to the Second South China Sea 
conference, I highlight major findings from recent 
phylogenomic studies of marine algae, current trends 
and future directions, and how we can apply this 
approach in studying marine diversity in the South 
China Sea.

WHAT HAVE WE LEARNED?

As algal genome data are becoming available, many 
recent studies of algal genomes have been focusing 
on early evolution of eukaryotes, particularly of the 
origin of organelles, a key characteristic distinguishing 
these lineages from the prokaryotes (Bacteria and 
Archaea). The origin of plastid (chloroplast) in 
eukaryotes, especially, has gathered much interest 
within the research community. Two main types 
of plastid occur in eukaryotes: the simple, two-
membrane-bound primary plastids, and the more 
structurally complex, three- or four-membrane-bound 
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secondary (or tertiary) plastids [13-15]. Primary 
plastids are found in red algae (Rhodophyta), green 
algae and plants (Viridiplantae), and glaucophyte algae 
(Glaucophyta); these three lineages are commonly 
grouped as the Archaeplastida or Plantae supergroup 
[16, 17]. The origin of these plastids is traced back to 
a cyanobacterial source, in which a cyanobacterium 
was engulfed by and retained within a heterotrophic 
host (i.e. primary endosymbiosis) [18], estimated to 
have occurred around 1 to 1.5 billion years ago [19, 
20]. The engulfed endosymbiont gradually became the 
extant plastids. During endosymbiosis, genetic materials 
were transferred from the endosymbiont to the host 
nucleus. On the other hand, the more-complex plastids 
are found in all other algae, e.g. brown algae, diatoms 
and dinoflagellates. The origin of these plastids is 
complicated by multiple, serial events of endosymbiosis 
involving already plastid-bearing endosymbionts [21, 
22], again, with genetic transfer instances during each 
event, complicating their evolutionary histories.   

Ideally, a thorough assessment of the evolutionary 
histories of algae and other microbial eukaryotes using 
phylogenomics requires well-annotated, experimentally 
validated gene repertoires from all known species, which 
is currently impossible. However, availability of novel 
algal genome data allows for addressing interesting (and 
generating novel) biological hypotheses that would yield 
novel insights into eukaryote (and plastid) evolution. For 
instance, although the Plantae supergroup is expected to 
share a common origin, the support for this hypothesis 
had been based on studies of a small number of genes 
[11, 17]. This is partly due to lack of gene repertoires 
for red and glaucophyte algae, as data from these 
lineages are scarce in comparison to the genome data 
available for green algae and plants. Using novel red 
algal transcriptome of the unicellular Porphyridium 
cruentum and genome data from the multicellular, 
coralline red alga Calliarthron tuberculosum, a recent 
study [23] has demonstrated a strong support for Plantae 
supergroup (in ca. 50% of the analysed phylogenies), 
further reinforced by later study incorporating the fi rst 
genome of glaucophyte algae, Cyanophora paradoxa 
[24]. These studies, together with the earlier works [11, 
17, 25] demonstrate a single origin of primary plastids 
and a great extent of genetic transfer events among algal 
lineages, and from bacterial sources. 

The evolution of algae that possess secondary (and 
tertiary) plastids, however, is more complicated and 
contentious. The positions of these lineages on the 
eukaryote tree of life are far from being resolved, as 
demonstrated in a number of studies [9, 26-28]. The 

genomes of two diatom species have recently become 
available [29, 30]. A large-scale phylogenomics 
analysis of the diatom genes suggests a cryptic 
endosymbiosis involving green algae (specifi cally a 
prasinophyte-like endosymbiont) [31], additional to red 
algal endosymbiont that is commonly associated with 
secondary endosymbiosis. In an independent analysis 
that incorporated a larger number of red algal genes 
[23] and new genome of the brown seaweed Ectocarpus 
siliculosus [32] (Stramenopiles; as with diatoms), a 
proportion of genes encoding membrane transporters 
in diatoms (ca. 25% of examined phylogenies) are 
found to have a red and/or green algal prominence [33]. 
The extent of genetic transfer in prokaryotes is well 
known to be rampant [7, 8, 34] and to extend beyond 
gene boundaries [35, 36]. Interestingly, in a recent 
transcriptome analysis of the dinofl agellate Alexandrium 
tamarense (that causes harmful algal blooms, or “red 
tide”) [37], the extent of genetic transfer in microbial 
eukaryotes is shown to be comparable to that in 
prokaryotes, despite more-complex coding capacity 
in eukaryotes. The dinofl agellates can be considered 
as the worst-case scenario in terms of the complexity 
of algal evolution, because tertiary and quarternary 
endosymbiosis events involving other eukaryotic (e.g. 
haptophyte-like) cells have been postulated [22, 38, 
39], and genes of bacterial origin have been reported 
in other studies [40, 41]. Some have argued that the 
cryptic green algal endosymbiosis hypothesis could be 
an artefact due to the lack of red algal genes [42, 43], 
and that the chlamydial origin of some of the Plantae 
genes as reported in [24] are due to technical biases 
[44]. Nevertheless, all these studies demonstrate algal 
and bacterial genetic transfer as key contributing factors 
to the adaption and survival of the ubiquitous microbial 
species in the fl uctuating marine environments.
 
Many of the red algal gene repertoires available are from 
unicellular species, with the complete, highly reduced 
genome of the hyperthermophilic Cyanidioschyzon 
merolae [45]. Recently, extensive transcriptome data 
(ca. 4.7 million expressed sequence tags) from two 
multicellular, macroalgal species of Porphyra has 
become available [46]. The seaweed Porphyra is well 
known for its application in food (e.g. “nori” used in 
sushi wraps) due to its high nutritional value, with 
its mariculture valued at USD1.3 billion a year [47]. 
Phylogenomic analysis of the Porphyra membrane 
transporters supports the important role of genetic 
transfer in environmental adaption of microbial 
eukaryotes [48]. These studies generated novel insights 
into red algal biology [49], e.g. a fatty acid biosynthesis 
pathway that is distinct from that in plants [48]. In 
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addition, other studies have demonstrated that green 
algal derived genes in microbial eukaryotes are important 
for the function of light-harvesting complex superfamily 
[50], as well as for protection from oxidative damage 
of genes involved in carotenoid biosynthesis [51]. 
Genetic transfer has also recently been demonstrated in 
other algal lineages, such as the cryptophyte Guillardia 
theta and chlorarachniophyte Bigelowiella natans, with 
their respective relict endosymbiont nucleus within the 
cell (i.e. nucleomorphs) [52]. Many of these fi ndings 
remain to be experimentally validated. However, 
genetic transfer is undoubtedly a key driving force in 
the evolution of algae (and microbial eukaryotes), for 
instance, in adapting to the fl uctuating concentrations 
of dissolved oxygen and/or redox-sensitive transition 
metals, over evolutionary time-scales.

Recent development of single-cell genomics [53, 
54] provides the opportunity for capturing snapshots 
of genomes (and other omic data). This approach is 
useful for studying genomics and its variation within 
a population, and the genetic mechanisms underlying 
responses of the organisms to their environments. This 
exciting capability of observing evolving genome in situ 
(i.e., experimental evolution) would greatly enhance 
our understanding of ecology and evolution of specifi c 
organisms, as well as their interactions with one another 
and with the environments. Phylogenomic analysis of 
three single-cell genomes of an unculturable marine 
“algal” species of picobiliphytes [55] has demonstrated 
that these cells are in fact heterotrophic instead of 
photoautotrophic as originally thought [56]. This study 
showcased the typical case of keptoplasty, in which 
the observed plastid within the picobiliphyte cells 
when they were fi rst described [56] was “stolen” from 
another source, i.e. the plastid was within an algal cell 
that was engulfed by the picobiliphyte. Interestingly, 
the variation of genome data among these three cells 
suggests different physiological conditions of the cell, 
e.g. one that is infected by a virus, and one that is actively 
feeding bacterial cells. Therefore, phylogenomics based 
on single-cell genome data, in this case, has uncovered 
hidden biodiversity in the marine environment at the 
cell-by-cell level, which was previously not possible 
using the conventional genomic approaches based on 
cultured cells.

CURRENT TRENDS AND FUTURE 
PERSPECTIVES

Owing to its sequence-centric nature, phylogenomic 
approaches are heavily dependent on the availability and 

quality of sequence data. Thanks to the rapid development 
of next-generation sequencing technologies, biological 
research is now data-rich, in which omic data of 
immense quantity are generated at great breadth and 
huge depth, ranging from genomes, transcriptomes, 
epigenomes and exomes, to meta-genomes and meta-
transcriptomes. As phylogenomic analyses become 
more common in the literature, a question remains: is 
the approach adopted in these studies still the state-of-
the-art, or should we spend more time in developing 
one that is better? In other words, where is the balance 
between extracting as much information as we can from 
the rapidly growing data using our current know-how, 
versus exploring approaches that would take us perhaps 
closer to the truth? This question has no easy answer. 

With generation of sequence data becoming a routine 
practice in most laboratories, the limitations of 
computational and human power in data management, 
interpretation and analysis cannot be overstated. 
There is a need to decipher as much biological 
information from these data as possible. The quality of 
sequence data vis-à-vis stochastic sequence variation, 
convergence, long-branch attraction, incomplete 
sequence data (e.g. transcriptome, gene fragments) 
in addition to contaminations, represents the biggest 
hurdle in phylogenomics (and any sequence analysis) 
[57-59]. Due to this, one could argue that current 
approaches would yield biased inferences, thus resulting 
observations that would be of little use, or at the extreme, 
useless. A common ground between the two schools of 
thoughts is crucial for the fi eld to move forward. One 
could always improve the phylogenetic framework, 
e.g. in perfecting multiple sequence alignment, 
identification of homologous sequence groups or 
phylogenetic algorithms to reduce inaccurate biological 
interpretations. On the other hand, providing more-
effi cient scalability, higher computing capacity, better 
implementations and sampling strategies among existing 
data, phylogenomic studies could yield valuable insights 
into algal biology and evolution. Although phylogeny 
itself is a working hypothesis, not bona fi de truth, these 
studies, particularly of de novo genomes in which little 
(if any) prior information is known, provide an excellent 
test bed for novel, hypothesis-driven research into algal 
biology and evolution, e.g. genome innovation relative 
to environmental adaptation.

Next, do we have the right data to justify our conclusions 
or to test our hypotheses? Most sequenced genomes are 
economically and medically important species, with little 
data available from marine algae, or the more-ancient, 
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abundant lineages of microbial eukaryotes. The latter 
would provide invaluable insights into early eukaryote 
evolution. Where genome data is unavailable, the use of 
transcriptome data in phylogenomic analysis has been 
reported [37, 60]. However, assembled transcriptome 
data (e.g. based on expressed sequence tags) contain 
partial gene transcripts and could be biased by 
environmental conditions during which genetic materials 
were harvested from the organisms or culture. Multiple 
sequence alignment of these sequences alongside with 
other (putatively homologous) full-length sequences 
inevitably creates undesirable “gappy” aligned positions 
(i.e. phylogenetically non-informative sites) that would 
affect subsequent inference of phylogeny. In these cases, 
an attractive strategy is to use alignment-free methods in 
calculating sequence distances (e.g. using k-mers) [61-
64], which does not require contiguity of homologous 
sequences to be conserved. Alternative phylogenetic 
representations independent from the tree-like structure, 
e.g. the use of networks [65, 66], would also provide 
a fresh perspective into genome evolution. Although 
these approaches unlikely compensate our limitation 
in inadequate taxon sampling, they certainly help in 
reducing data biases. 

CONCLUDING REMARKS

The South China Sea contains abundant marine 
biodiversity due to the warm, tropical climate in the 
region. Phylogenomic approaches will be useful to 
assess the abundance of species in the reigon, and 
perhaps more importantly, genome data from tropical 
algal species (currently lacking in the public domain) 
will allow for large-scale comparative studies with the 
other temperate and extremophilic species, and therefore 
help enhancing our understanding of algal adaptation 
and evolution with respect to climate change. In addition, 
combining all types of omic data (e.g., including 
metabolome and non-coding elements) in a systems 
biology approach, we can better examine the interactions 
among these organisms and their responses to abiotic 
stresses, and learn how they adapt to the environments. 
Given the multi-disciplinary nature of algal genomic 
studies, regional cooperation and collaborative network, 
either within the East or Southeast Asian region, or 
externally with other world experts (e.g., as promoted 
by the South China Sea Conference initiative) should 
be encouraged and forged.
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