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Background
Atmospheric CO₂ concentrations have risen rapidly, 
increasing from 280 ppm in 1850 [1] to over 417 ppm in 
2021, with more than half of this increase occurring in 
the last 30 years [2]. Currently, CO₂ levels exceed those 
recorded over at least the past 800,000 years [3]. Human 
activities now release approximately 35 gigatonnes of 
CO₂ per year—a dramatic increase compared to nearly 
10 megatonnes two centuries ago [4]. This sharp rise in 
atmospheric CO₂ levels has intensified the need for effi-
cient strategies to capture and assimilate carbon dioxide 
from the environment [5].
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Abstract
Rising atmospheric CO₂ levels necessitate the development of effective carbon capture strategies. Some species of 
microalgae, with their high growth rates and exceptional CO₂ fixation efficiency—up to 10–50 times greater than 
terrestrial plants—represent a promising biological resource. Microalgae, however, constitute a heterogeneous 
group distributed across different taxonomic lineages, which complicates the identification of conserved molecular 
traits. In this study, we conducted a comparative genomics analysis to elucidate the molecular mechanisms 
underlying efficient CO₂ assimilation in 29 selected species of microalgae. We curated a dataset of high-quality, 
annotated microalgal genomes from the NCBI Genome database, retaining only those with BUSCO gene 
completeness above 80%. Orthogroups were identified using OrthoFinder and annotated. A comprehensive 
phylogenetic tree was constructed based on single-copy orthologs. Additionally, CAFÉ was employed to assess 
gene family expansion and contraction in key functional categories, including light-harvesting, carbon fixation, and 
stress response. Our findings reveal a conserved core of functional genes across microalgae, alongside significant 
interspecific variability in gene copy numbers and orthogroup composition. These insights provide a comparative 
genomic framework to support future investigations integrating physiological and molecular data aimed at 
understanding CO₂ assimilation mechanisms in microalgae.
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Based on future projections of CO₂ concentrations 
under Representative Concentration Pathways (RCPs) [6, 
7], innovative biological systems for carbon assimilation 
are becoming increasingly relevant. Such systems can 
provide effective CO₂ management without contributing 
to additional environmental burdens [6, 8].

Various strategies have been explored to remove atmo-
spheric CO₂, which can be broadly classified into three 
main groups: (1) chemical methods, such as washing 
with alkaline solutions and coating activated carbon with 
amines; (2) direct approaches, for example, CO₂ injec-
tion into the subsurface or the oceans; and (3) biological 
CO₂ removal, which involves the conversion of CO₂ into 
organic compounds [9]. Among these, the use of microal-
gae for CO₂ fixation has attracted considerable attention 
since the 1990s, offering the opportunity to transform 
absorbed CO₂ into biodiesel and bioenergy. This biologi-
cal approach represents an emerging system for efficient 
atmospheric CO₂ capture. Microalgae and cyanobacteria 
can grow much faster than terrestrial plants, with CO₂ 
fixation efficiencies estimated to be 10–50 times higher 
[10]. Moreover, photosynthetic microorganisms, par-
ticularly when cultivated in wastewater, can grow rapidly, 
produce valuable compounds, and be easily harvested 
[11]. However, the rate of CO₂ fixation by microalgae is 
influenced by various factors, including CO₂ concentra-
tion, light intensity, growth substrates, and cultivation 
techniques. Over the years, numerous methods have 
been developed to assess the potential of microalgae in 
CO₂ fixation, both by measuring biomass or growth rate 
and by directly quantifying CO₂ consumption [12–14].

This study fits into this context by focusing on the 
comparative genomics of microalgae to investigate the 
evolution of molecular mechanisms underlying their 
efficient CO₂ assimilation. By utilizing genome microal-
gae datasets and advanced bioinformatic tools (BUSCO, 
Orthofinder, IQTree, CAFE5), we assessed complete-
ness in terms of expected gene content and filtered those 
genomes of high quality (gene completeness above 80%), 
identified and annotated the orthogroups among the fil-
tered 29 species, and analyzed variations in the gene rep-
ertoire among them. Our results reveal both a conserved 
core of essential functions and species-specific evolu-
tionary strategies that contribute to their CO₂ capture 
efficiency. These findings offer a comparative genomic 
framework that can support future studies integrating 
physiological data to better understand the molecular 
basis of CO₂ assimilation in microalgae.

Results and discussion
The comparative genomics analysis presented in this 
study can be divided into six stages: (1) selection of 
high-quality microalgae genomes to serve as input for 
the comparative genomics analysis; (2) investigation of 

orthologous genes among the genomes of the 29 micro-
algae species belonging to the three clades - Chlorophyta, 
Stramenopiles and Alveolata (selected in stage 1); (3) 
identification of orthogroups; (4) construction of the 
phylogenetic tree; (5) annotation of gene orthologs; (6) 
analysis of gene expansions-contractions in microalgae 
species, with a specific focus on genes associated with 
CO2 capture.

Collection and selection of microalgal genomes for 
comparative analysis
The majority of species of microalgae relevant for CO₂ 
sequestration belong to four clades: Chlorophyta, Stra-
menopiles, Euglenozoa, and Alveolata [15–18]. Although 
“microalgae” is used as a descriptive term rather than 
representing a single monophyletic taxonomic group, 
classifying our microalgae at the clade level enables uni-
form comparisons of species from highly diverse evolu-
tionary lineages. This approach is supported by recent 
taxonomic reviews [19, 20]. The bioinformatics pipeline 
illustrated in Fig. 1 outlines the process used to select a 
set of high-quality microalgal genomes, utilised for fur-
ther comparative genomics.

The workflow begins with a phase of scientific cura-
tion, during which an extensive literature review was 
conducted to identify microalgae species that have been 
experimentally demonstrated to exhibit high CO₂ cap-
ture efficiency (see Table 1 - Datafile 0) [21–24]. Subse-
quently, the NCBI Genome database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​
i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​h​o​m​e​/​g​e​n​o​m​e​s​/) was queried to retrieve 
all the genomes of species belonging to the four clades 
of interest (Alveolata, Chlorophyta, Stramenopiles, and 
Euglenozoa - TXT file named Datafile 1). From the list of 
genomes only those associated with microalgal species 
were selected (generating a TSV file, one sheet for each 
clade - Datafile 2). An additional selection step identi-
fied genomes annotated in GFF format (all records are 
reported in Excel spreadsheet - Datafile 3).

Assessment of genome completeness using BUSCO
Comparative genomics analyses are often sensitive to 
the presence of incomplete data, making the selection of 
high-quality datasets from representative species a criti-
cal step. This task becomes increasingly challenging as 
the volume of available genomic data grows, particularly 
given the substantial qualitative variability among them. 
Quantifying gene completeness allows us to identify the 
most reliable assemblies.

To this end, we employed the Benchmarking Universal 
Single-Copy Ortholog (BUSCO; http://busco.ezlab.org) 
[25] method to obtain intuitive quantitative measures of 
genome completeness by evaluating the expected gene 
content. The BUSCO analysis was applied to all genome 
accessions listed in Datafile 3, which comprised data for 

https://www.ncbi.nlm.nih.gov/home/genomes/
https://www.ncbi.nlm.nih.gov/home/genomes/
http://busco.ezlab.org
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Fig. 1 (See legend on next page.)
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49 annotated species and 60 genome accessions. Subse-
quently, for each species, we selected the best genome 
assembly, defined as the one with the highest level of 
gene completeness. The results of this phase are docu-
mented in Datafile 4.

By setting a gene completeness threshold of 80% or 
higher, only 29 species belonging to the three clades 
Chlorophyta, Stramenopiles, and Alveolata met this cri-
terion. As illustrated in Fig. 2A, which displays the clades 
and species whose genomes exceed the 80% threshold in 
terms of complete gene content. Figure  2B shows that 
only 15 species achieved a completeness level above 95%.

This rigorous assessment of gene completeness has 
ensured the use of high-quality datasets.

In particular, as shown in Fig.  2B, within the clade 
Alveolata only a single species exhibits a genome with a 
completeness level significantly exceeding 80% and even 
surpassing 95%, whereas numerous species belonging to 
the clade Chlorophyta and Stramenopiles have exceeded 
this threshold of excellence.

Figure 3 displays graphical representations of the 
detailed BUSCO results, illustrating the completeness 
(C), fragmentation (F), and missing ortholog (M) scores 
for the 29 selected species in a color-coded format.

Furthermore, for each of the best genome assemblies, 
XLSX files containing additional species-specific details 
were uploaded to Figshare, with distinctions made 
between complete single-copy (S) and complete dupli-
cated (D) genes (see Table 1, Datafile 4).

The overall assembly statistics and BUSCO assessment 
results for the analyzed microalgal genomes are sum-
marized in Table 2. This table provides detailed informa-
tion for each species, including clade, organism name, 
assembly accession, assembly level, genome size, N50, 
and BUSCO scores (complete, single-copy complete, 
duplicated complete, fragmented, and missing) based 
on the relevant BUSCO database (Alveolata_odb10, 
Chlorophyta_odb10, and Stramenopiles_odb10). For 
example, within Alveolata, Vitrella brassicaformis (acces-
sion GCA_001179505.1) shows scaffold-level assembly 
with a genome size of 72.7 Mb, an N50 of 147.6 kb, and 
a BUSCO completeness of 96% (with 94.7% single-copy 
genes). Similarly, for Chlorophyta, Micromonas com-
moda (accession GCA_000090985.2) is represented by a 
complete genome assembly of 21 Mb, an N50 of 1.4 Mb 
and a BUSCO completeness of 99%, while Chloropicon 
primus shows a BUSCO completeness of 90% despite 
a lower percentage of complete genes. The table also 

reports assembly metrics for Stramenopiles species, such 
as Nitzschia inconspicua, which stands out with a nearly 
complete BUSCO score (100% completeness) and a con-
tig-level assembly of 99.7 Mb with an N50 of 3.6 Mb.

These data not only corroborate the overall quality of 
the genome assemblies used in our comparative analysis, 
but also highlight the variability in assembly quality and 
completeness among different taxonomic groups.

Identification, annotation, and phylogenomic analysis of 
orthogroups
Orthogroups were identified using OrthoFinder [26], a 
tool capable of grouping protein sequences into ortho-
groups and detecting orthologous relationships by con-
structing gene trees for each group, ultimately yielding a 
rooted species tree.

The analysis was performed on the 29 species selected 
during the initial phase using the proteomes derived from 
the selected genomes, with a particular focus on single-
copy orthologs for downstream analyses. This approach 
minimizes biases arising from non-coding regions or 
highly variable genomic sequences. The resulting ortho-
groups were then used to infer functional annotations 
and serve as a foundation for evolutionary studies.

The analysis generated numerous outputs, including a 
species tree (Fig. 4) and detailed orthology visualizations 
(Figs. 5 and 6). In Figs. 5a and 6a, each subtree represents 
a clade-specific topology derived from single-copy ortho-
logs. Although the trees are displayed as composite lay-
outs for clarity, the underlying topologies are supported 
by bootstrap values. To illustrate the evolutionary rela-
tionships among the analyzed species, a phylogenomic 
tree was constructed using only single-copy orthologs. 
The tree was rooted with the two species, Talaromyces 
marneffei and Dictyostelium discoideum AX4, as out-
groups, thereby providing a clear delineation of phyloge-
netic relationships. The resulting phylogram (Datafile 6) 
(Fig. 4) reveals a distinct separation among clades, with 
the Alveolata group being phylogenetically closer to the 
Stramenopiles than to the Chlorophyta. Bootstrap val-
ues of 100 at the major nodes confirm the high statisti-
cal support, attesting to the robustness of the inferred 
evolutionary relationships. This tree represents the final 
phylogenomic result, providing a robust framework to 
explore macroevolutionary trends and to highlight diver-
gence and speciation events within the analyzed clade.

Subsequently, to obtain specific gene ontology results, 
we divided the Orthofinder analysis into two groups 

(See figure on previous page.)
Fig. 1  Workflow for the selection of high-quality microalgae genomes for further phase of comparative genomics. It consists of the following steps: a 
Identification of species with validated CO₂ capture efficiency (Datafile 0) from scientific literature; b Querying the NCBI Genome database to retrieve 
genomes of species from four selected clades (Chlorophyta, Stramenopiles, Euglenozoa, and Alveolata); c Filtering genomes based on the availability of 
an annotation file in GFF format; d Assessing gene completeness using BUSCO on an HPC cluster; e Selecting genomes with completeness ≥ 80% based 
on BUSCO results. The final dataset comprises 29 species and genome accessions suitable for comparative genomic analyses
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of species: one comprising the 16 Chlorophyta species 
(CHLO group corresponding to the green species in Fig. 
4) and another including the 12 Stramenopiles and 1 
Alveolata species (STR-A group corresponding to 12 spe-
cies of Stramenopiles - those shown in light blue in Fig. 
4 - plus one species of Alveolata shown in violet in Fig. 
4). because it is evolutionarily closer to the Stramenopiles 
than to the Chlorophyta. This division was implemented 
to account for potential differences in genomic archi-
tecture and evolutionary dynamics among these taxo-
nomic groups [27, 28] and to facilitate a more focused 
interpretation of the functional annotations related to 
CO₂ capture efficiency. Consequently, Figs. 5 and 6 pres-
ent separate phylogenetic and orthologous visualizations 
of Orthofinder results for the CHLO group and for the 
STR-A group respectively.

The analysis conducted on the sixteen selected species 
belonging to clade Chlorophyta, and their phylogenetic 
tree was used to guide the identification and classifica-
tion of potential orthologous genes (Fig. 5). Figure 5a dis-
plays the phylogenetic relationships among Chlorophyta 

species based on single-copy orthologs. The tree layout 
reflects the output of OrthoFinder and is optimized for 
visualization, which may result in apparent topological 
differences between clades. However, all relationships are 
derived from a single consensus tree and are supported 
by high bootstrap values. In the OrthoFinder analysis, 
90.2% of all genes were assigned to 18,754 orthogroups 
(Datafile 6. Orthofinder tables Chlorophyta) (Fig.  5c). 
50% of the genes assigned to orthogroups are found in 
groups comprising at least 16 genes (G50 for assigned 
genes = 16), whereas over 10% of the orthogroups con-
tain all the analyzed species (n = 1,872; Fig. 5d), of which 
18.5% are single-copy orthogroups (n = 347; Datafile 6 
Orthofinder tables Chlorophyta; Fig. 5f ).

These data demonstrate a high degree of conservation 
of functional genes within Chlorophyta species, suggest-
ing the existence of a shared orthologous core that likely 
includes the essential functions for photosynthesis and 
other basic cellular activities [21, 29]. However, when 
examining interspecific variability (Fig. 5c), it becomes 
evident that the percentage of genes assigned to the dif-
ferent orthogroups varies considerably among species. 
For example, some species exhibit high values of vari-
ability (up to 96.6% in Micractinium_conductrix_1), 
whereas others display lower percentages (such as 79.5% 
in Monoraphidium_minutum_1). This variability may 
be influenced by differences in genome annotation com-
pleteness; however, we cannot exclude the contribution 
of evolutionary processes that shaped species-specific 
genomic repertoires.

Additional insights emerge from the analysis of the 
number of orthogroups containing each species (Fig. 5b): 
the values range from 5,675 orthogroups in Chloropicon 
primus (accounting for 30.3% of the total orthogroups) 
to 9,482 in Volvox reticuliferus (50.6%), indicating that 
some species share a broader core of genomic functions 
than others. Similarly, the analysis of species-specific 
orthogroups (Fig.  5d) reveals considerable diversity, 
with the number of orthogroups specific to each species 
varying from only 43 in Bathycoccus prasinos_4 (2.5% 
of the species’ genes) to 587 in Tetradesmus obliquus_5 
(13.8%). These data indicate the presence of species-
specific orthogroups, which could reflect novel func-
tions or adaptations; however, it remains necessary to 
disentangle these patterns from potential differences in 
genome annotation quality (Datafile 6. Orthofinder tables 
Chlorophyta).

Finally, further details on the orthogroup repertoire are 
illustrated in Fig.  5e and f, and 5g, which show, respec-
tively, the distribution of genes with orthologs in all 
species, the comparison of orthologous multiplicities 
relative to Micractinium commoda, and the analysis of 
species-specific duplications. Micractinium commoda 
was chosen as the reference species for the comparison 

Table 1  Overview of all the data files produced in this article 
and their access on figshare
Label Name of data File 

types
Data repository (URL)

Data-
file 0

Species selected accord-
ing to the role of CO2 
absorption present in 
scientific literature

Sheet 
file (.tsv)

​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​
/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​8​2​8​4​8​6​9

Data-
file 1

Species of interest 
included in: Alveolata, 
Chlorophyta, Euglenozoa, 
Stramenopiles

Sheet 
file (.xlsx)

​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​
/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​7​9​3​0​8​9​1

Data-
file 2

All microalgae species 
with genome acces-
sion and annotated/ not 
annotated

Sheet 
file (.xlsx)

​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​
/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​7​9​3​0​8​9​4

Data-
file 3

BUSCO output 
(141 genomes)

Sheet 
file (.xlsx)

​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​
/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​7​9​3​0​9​0​6

Data-
file 4

Summary BUSCO results
(85 species and 85 ge-
nome accessions)

Sheet 
file (.xlsx)

​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​
/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​7​9​3​0​9​1​2

Data-
file 5

Assembly accessions Sheet 
file (.xlsx)

​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​
/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​5​9​1​4​6​3​7

Data-
file 6

ORTHOFINDER results and 
phylogenetic tree

Folder ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​
/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​8​4​1​7​4​2​4

Data-
file 7

Input file for CAFE .tsv and 
.tree

​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​
/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​8​4​3​6​0​7​5

Data-
file 8

CAFE result (expansion 
and contraction)

Folder ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​
/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​8​4​3​0​0​3​9

Data-
file 9

Functional distribution of 
expanded orthogroups 
identified in Chlorophyta 
and stramenopiles-
alevolata

Sheet 
file (.xlsx)

​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​6​0​8​4​​
/​m​​9​.​f​​i​g​s​​h​a​r​e​​.​2​​8​4​3​0​0​4​5

Data-
file 10

All Figures Picture ( 
.png)

​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​6​0​​​8​4​​​
/​m​​9​.​f​i​​g​s​h​​​a​r​​e​.​2​8​4​3​6​0​5​4

https://doi.org/10.6084/m9.figshare.28284869
https://doi.org/10.6084/m9.figshare.28284869
https://doi.org/10.6084/m9.figshare.27930891
https://doi.org/10.6084/m9.figshare.27930891
https://doi.org/10.6084/m9.figshare.27930894
https://doi.org/10.6084/m9.figshare.27930894
https://doi.org/10.6084/m9.figshare.27930906
https://doi.org/10.6084/m9.figshare.27930906
https://doi.org/10.6084/m9.figshare.27930912
https://doi.org/10.6084/m9.figshare.27930912
https://doi.org/10.6084/m9.figshare.25914637
https://doi.org/10.6084/m9.figshare.25914637
https://doi.org/10.6084/m9.figshare.28417424
https://doi.org/10.6084/m9.figshare.28417424
https://doi.org/10.6084/m9.figshare.28436075
https://doi.org/10.6084/m9.figshare.28436075
https://doi.org/10.6084/m9.figshare.28430039
https://doi.org/10.6084/m9.figshare.28430039
https://doi.org/10.6084/m9.figshare.28430045
https://doi.org/10.6084/m9.figshare.28430045
https://doi.org/10.6084/m9.figshare.28436054
https://doi.org/10.6084/m9.figshare.28436054
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of orthologous multiplicities in Fig.  5f because, among 
the Chlorophyta, it is the only species with a “com-
plete genome” assembly and a gene completeness score 
exceeding 95%, making it the most reliable representative 
for this type of analysis. These complementary represen-
tations provide a comprehensive view of the orthologous 
gene repertoire and support the interpretation of the data 
in terms of conservation and diversification of genomic 
functions among the analyzed species.

For the Stramenopiles group, the analysis was con-
ducted on 12 species, adding Vitrella brassicaformis 

(Fig.  6a) because it is evolutionarily more closer to 
the Stramenopiles than to the Chlorophyta (Datafile 
6. Orthofinder tables Stramenopiles-Alveolata). This 
choice may partly account for the considerable variabil-
ity observed in the data. We obtained a total of 252,503 
genes, of which 225,940 (89.5%) were assigned to 26,828 
orthogroups (Fig.  6c). The assignment percentages 
vary markedly among species: for instance, Nitzschia 
inconspicua exhibits an extremely high assignment rate 
(98.4%), whereas Vitrella brassicaformis_CCMP3155 
reaches a minimum value of 78.0% (Fig. 6b). These data 

Fig. 2  A Species of microalgae with genomes whose level of gene completeness is at least greater than or equal to 80%. B Number of species with 
genomes with gene completeness level classified as follows: greater than or equal to 95% (green bar), between 90% and 95% (blue bar), between 85% 
and 90% (orange bar), and between 80% and 85% (red bar). In the legend is reported the degree of gene completeness of genome assembly for each 
microalga species investigated with BUSCO
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indicate variability in orthogroup coverage among the 
species analyzed (Fig. 6d), which may partly result from 
differences in genome completeness and annotation 
quality; in particular, the inclusion of Vitrella brassicafor-
mis—a more distantly related species—may contribute 
significantly to this observed variability.

The number of orthogroups in which each species is 
represented also varies considerably: for example, Aureo-
coccus anophagefferens is present in 5,021 orthogroups 
(representing 18.7% of the total orthogroups), whereas 
Nitzschia inconspicua appears in as many as 12,356 
orthogroups (46.1%) (Fig.  6b). These differences, com-
pared to Chlorophyta, may reflect variations in genome 
size rather than functional repertoire breadth, as spe-
cies with more genes are naturally represented in a larger 
number of orthogroups.

Another notable aspect concerns species-specific 
orthogroups: the contribution of these varies signifi-
cantly, ranging from 2.8% of the genes in Nannochlorop-
sis gaditana_CCMP526 to a remarkable 41.8% in Vitrella 
brassicaformis_CCMP3155 (Fig.  6d). The high range of 
variability may be partly driven by the inclusion of Vit-
rella brassicaformis, a phylogenetically distant species, 

whose divergent genome likely inflates the number of 
species-specific orthogroups.

Furthermore, the analysis of the distribution of the 
number of genes per species in each orthogroup (Fig. 6b) 
shows that most groups typically contain one or two cop-
ies per species, with a tail extending toward larger group 
sizes, indicating gene duplication events in specific lin-
eages. Finally, the examination of orthogroups shared 
among species (Fig. 6e and f ) reveals that only 482 ortho-
groups contain genes from all analyzed species, while 
the number of single-copy orthogroups is extremely low 
(only 5). For the comparison of orthologous multiplicities 
shown in Fig.  6f, we selected Thalassiosira pseudonana 
as the reference species because its genome, assembled 
at the chromosome level, achieved a gene completeness 
of 99% according to BUSCO analysis, making it the most 
reliable representative for this type of comparison.

These results underscore a remarkable evolution-
ary complexity and a strong diversification of gene rep-
ertoires within the Stramenopiles, suggesting that, in 
addition to a shared functional core, there are specific 
strategies that contribute to the ecological and functional 
adaptations of each species.

Fig. 3  Results of BUSCO completeness assessments for quality control of genomic data for the microalgae filtered. Bar graphs produced with the BUSCO 
plotting tool show the proportions classified as complete (C, blue), fragmented (F, yellow) and missing (M, red)
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Table 2  BUSCO validation (v. 5) was applied to the microalgae filtered (annotated and genomes with ≧80% completeness)
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Genomic expansions and contractions
In our comparative analysis, we examined the profiles of 
orthogroup expansions and contractions with the aim of 
identifying the molecular mechanisms that contribute 
to the optimization of CO₂ fixation. The expansion data 
in species belonging to the CHLO group (Fig. 7, table 
in Datafile 8) reveal an increase in the copy numbers of 

numerous key genes for photosynthetic function. In our 
CAFÉ analysis, we observed expansions of gene families 
encoding proteins involved in light-harvesting, includ-
ing isoforms of chlorophyll a/b-binding proteins, early 
light-induced proteins, and key components of photosys-
tems I and II such as PsaK, PsaL, and PsbR. These find-
ings are consistent with previous studies reporting their 

Fig. 5  Orthogroup Analysis in Chlorophyta. a Phylogenetic tree based on single-copy orthologs; b Number of genes in orthogroups per species; c 
Percentage of genes assigned to orthogroups; d Species-specific orthogroups; e Genes with orthologs across species; f Comparison of orthologous mul-
tiplicities relative to Micractinium commoda (selected for its complete genome assembly and > 95% BUSCO completeness); g Species-specific duplicates

 

Fig. 4  A phylogenomic tree was constructed to depict the evolutionary relationships among the analyzed species. This tree was based on single-copy 
orthologous genes and rooted using Talaromyces marneffei, and Dictyostelium discoideum AX4 as outgroups. The root tree for species was based on 
single-copy orthologs, generated with Orthofinder and IQTree. Bootstrap values are also reported
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functional roles in enhancing photosynthetic perfor-
mance [30, 31]. The expansion of antioxidant systems—
such as gene families encoding glutathione peroxidase, 
manganese superoxide dismutase, and superoxide dis-
mutase—along with increased representation of post-
translational regulators (e.g., E3 ubiquitin ligases), may 
represent molecular strategies to mitigate oxidative 
stress associated with high photosynthetic rates, thereby 

supporting sustained CO₂ fixation efficiency under light-
intensive conditions [32, 33]. A notable example is the 
dramatic expansion of a sulfur stress regulatory gene in 
Micractinium conductrix (expansion count of 1070 com-
pared to an average of 35), which may reflect an enhanced 
capacity to cope with oxidative or nutrient-related stress. 
Given the known interactions between sulfur metabolism 
and photosynthetic performance, this expansion might 

Fig. 7  Functional distribution of expanded orthogroups identified in Chlorophyta. The categories include proteins involved in photosynthesis, metabo-
lism, stress response, protein degradation, transport, and other cellular functions. The graphical representation highlights the relative prevalence of each 
category

 

Fig. 6  Orthogroup Analysis in Stramenopiles and Alveolata. a Phylogenetic tree based on single-copy orthologs; b Number of genes in orthogroups per 
species; c Percentage of genes assigned to orthogroups; d Species-specific orthogroups; e Orthogroups shared across species; f Comparison of ortholo-
gous multiplicities relative to Thalassiosira pseudonana (selected for its chromosome-level assembly and 99% BUSCO completeness); g Species-specific 
duplication
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contribute indirectly to CO₂ assimilation efficiency under 
fluctuating environmental conditions [34].

In contrast, the data for species in STR-A group (Fig. 
8, table in Datafile 8) show a marked expansion of ortho-
groups involved in processes such as light-harvesting—
particularly, the fucoxanthin chlorophyll a/c binding 
proteins-electron transport (with numerous members of 
the cytochrome P450 family and components of the cyto-
chrome b–c₁ complex), and stress response, as evidenced 
by the increased representation of various transcription 
factors and additional E3 ubiquitin-protein ligases. These 
results indicate an evolutionary strategy geared towards 
directly enhancing the mechanisms that support photo-
synthesis and cellular resilience [35, 36].

The details of the proteins associated with each iden-
tified category of species belonging to CHLO and to 
STR-A groups are reported in Datafile 8.

The integrated analysis of expansion and contraction 
data suggests that the optimization of CO₂ assimilation 
does not rely solely on an increase in gene copy num-
bers, but also on a qualitative refinement of existing 
components. For instance, among Chlorophyta, some 
species exhibit clear duplications of key genes, whereas 
others - such as Tetradesmus obliquus and Chlorella 

ohadii, species known in the literature for their high CO₂ 
fixation capacity [37] - do not show evident orthogroup 
expansions. This observation suggests that these species 
might optimize CO₂ assimilation through mechanisms 
other than gene family expansion - such as transcrip-
tional regulation, post-translational control, or functional 
divergence of existing proteins - highlighting that effi-
cient photosynthesis can arise from different molecular 
strategies beyond genomic duplication [38].

In summary, our results highlight expansions in gene 
families related to light capture, carbon fixation, and 
oxidative stress response in both Chlorophyta and Stra-
menopiles. While these may contribute to photosynthetic 
efficiency, further studies—including comparisons with 
non-microalgal taxa—are needed to determine whether 
these expansions represent convergent adaptations for 
enhanced CO₂ assimilation. These strategies, integrated 
with a potential genomic “refinement” via targeted con-
tractions, delineate a complex evolutionary interplay 
that enables high photosynthetic efficiency. The data 
presented here provide a solid foundation for future 
functional and comparative studies aimed at further elu-
cidating the mechanisms underlying CO₂ assimilation 
optimization in microalgae.

Fig. 8  Functional distribution of expanded orthogroups identified in Stramenophiles and Alveolata. The categories include proteins involved in photo-
synthesis, metabolism, stress response, protein degradation, transport, and other cellular functions. The graphical representation highlights the relative 
prevalence of each category
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Materials and methods
This study focused on the comparative genomics of 
microalgal species with annotated reference genomes, 
available from the NCBI Genome archive (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​
c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​h​o​m​e​/​g​e​n​o​m​e​s).

Data collection and curation
The term “microalgae” is used descriptively rather than 
as a monophyletic taxonomic group. It refers to a hetero-
geneous ensemble of microscopic photosynthetic organ-
isms from diverse evolutionary lineages, including green, 
brown, and red algae [21, 29].

A stepwise protocol was employed to select the micro-
algae of interest, i.e. those with a well annotated reference 
genome. Details about the filtering process are shown in 
Fig.  1 and described in the Result and Discussion sub-
paragraph titled ‘Collection and Selection of Microalgal 
Genomes for Comparative Analysis’.

All the analyses presented in this article are computa-
tionally demanding and were therefore performed on an 
HPC platform [39–41].

BUSCO analysis for genome completeness
All genome selection, filtering, and annotation process-
ing steps were executed using command-line tools and 
custom scripts. The high-throughput computational 
workload required for BUSCO [42] evaluations was con-
ducted on an HPC cluster to ensure efficient processing 
of large genome datasets. Data curation and file man-
agement were performed using standard bioinformatics 
tools, including Python, Bash scripting, and spreadsheet 
software for metadata organization.

For many of the selected organisms, multiple genomic 
accessions were available. To identify the highest-quality 
accession for our analysis, we applied the Benchmark-
ing Universal Single-Copy Orthologs (BUSCO) method 
v5.4.4 [25] (final stage of Fig. 1). These evaluations 
allowed us to compare each assembly in terms of gene 
completeness, enabling the selection of the assembly with 
the highest score. We acknowledge, however, that the 
reliance on BUSCO-based completeness may introduce 
a bias against species with naturally reduced genomes, 
potentially underrepresenting organisms with minimal 
but efficient gene sets for CO₂ assimilation. BUSCO 
provides a quantitative measure of genome quality and 
completeness based on evolutionary predictions of gene 
content derived from databases of nearly universal and 
highly conserved protein orthologs.

BUSCO Analyses were conducted on genomes and 
using four ortholog gene databases: Alveolata_odb10, 
Chlorophyta_odb10, Stramenopiles_odb10, and Eugle-
nozoa_odb10. The BUSCO evaluation process quantified 
gene completeness for each genome, producing a sum-
mary of the completeness scores.

As a result of application of workflow in Fig.  1, we 
obtained a dataset of 29 species, with their highest-
quality genome assembly. These selection of microalgae 
species in terms of gene completeness and information 
about the quality of each genome assembly are summa-
rized in Table  1. Accession numbers, assembly levels, 
genome sizes, and N50 values are also reported.

This curated and high-quality dataset was subsequently 
used for downstream comparative genomic analyses, 
ensuring a robust foundation for evolutionary and func-
tional studies of microalgae species with high CO₂ cap-
ture efficiency.

Orthogroup identification and phylogenomic tree 
construction
The downstream analysis proceeded with orthogroup 
detection and phylogenomic tree construction to inves-
tigate the evolutionary relationships and functional con-
servation of genes among the selected microalgal species. 
Orthogroups were identified using OrthoFinder v2.5.2 
[26], employing the STAG algorithm [43] for species tree 
inference and STRIDE [44] for rooting. OrthoFinder thus 
clusters protein sequences into orthogroups via gene 
tree construction. This analysis provided information on 
conserved gene families that are essential to understand 
shared biological pathways and molecular functions 
among taxa (see result files in Table 2, Datafile 6).

To construct the phylogenetic tree (Fig. 4), we used the 
proteomes of the 29 examined species. We chose to use 
proteomes instead of complete genomes because pro-
tein sequences directly represent coding regions, pro-
viding more reliable information for the identification 
of orthologs and reducing biases arising from the pres-
ence of non-coding regions or possible assembly errors. 
Following a series of key steps, the 29 microalgal pro-
teomes were retrieved from the NCBI Genome archive, 
together with those of two other organisms selected as 
outgroups: Talaromyces marneffei (Ascomycota) and 
Dictyostelium discoideum AX4 (Amoebozoa). These out-
groups were chosen because their phylogenetic distance 
from microalgae ensures reliable rooting of the tree, thus 
avoiding potential biases that could arise from the use of 
too closely related species. In particular, T. marneffei, as 
an ascomycete fungus, and D. discoideum, belonging to 
the Amoebozoa, represent external lineages that clearly 
delineate the study group. Subsequently, orthogroups 
were identified in all proteomes using OrthoFinder v2.5.5 
and orthologous sequences were aligned with MAFFT 
[45] (included in OrthoFinder package). Individual phy-
logenetic trees were generated using IQ-TREE v2.1.2 
[46] for each one of the 21,880 orthogroups identified 
by OrthoFinder. The WAG+G4 [47] substitution model 
(Whelan & Goldman, with a 4-category discrete Gamma 
model) was selected as the best substitution matrix by 

https://www.ncbi.nlm.nih.gov/home/genomes
https://www.ncbi.nlm.nih.gov/home/genomes
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ModelFinder. A global species tree is then obtained from 
the set of single-copy ortholog gene trees using the STAG 
and STRIDE procedures implemented in OrthoFinder, 
with branch lengths estimated by FastTree [48]. Local 
bootstrap values are approximated using the Shimodaira-
Hasegawa test [49] on all splits of the tree, estimating the 
statistical confidence of tree branches by resampling site-
wise likelihoods to determine if the selected topology is 
significantly better than alternative configurations. This 
phylogram is based solely on substitution rates of single-
copy orthologs.

It is important to note that the overall phylogenetic tree 
(Fig. 4) was constructed from proteomes representing all 
the species belonging to three phyla (Chlorophyta, Stra-
menopiles, and Alveolata).

After constructing the overall phylogenetic tree, we 
further investigated orthologous relationships among 
the selected species by performing separate Orthofinder 
analyses for the CHLO group and the STR-A group. This 
phyla-oriented approach improves the detection of lin-
eage-specific genomic variations and adaptive strategies, 
thus providing a more targeted interpretation of func-
tional annotations related to CO₂ capture efficiency of 
the species of two groups.

For both two groups, we implemented ad hoc Python 
scripts in order to visualize Orthofinder results as a series 
of bar graphs (Figs.  5 and 6), illustrating several impor-
tant aspects which we discussed in Result and Discussion 
sub-paragraph ‘Identification, Annotation, and Phyloge-
nomic Analysis of Orthogroups’.

Gene family expansion and contraction
To investigate the evolutionary dynamics of protein fam-
ily size variations (expansion or contraction), we used 
the CAFÉ release 5 v1.1 software [50], which models 
gene birth and death events along a user-defined phylo-
genetic tree. CAFÉ employs a stochastic model to esti-
mate whether a protein family has undergone expansion, 
contraction, or remained unchanged along each branch 
of the tree, based on the statistical distribution of family 
sizes (p-value ≤ 0.001).

The software was launched on the the two microalgae 
results (the two datasets derived from two Orthofinder 
runs, one for Chlorophyta species - green species in Fig. 
4 - and one for Stramenopiles plus Alveolata - light blue 
and violet species in Fig. 4 respectively) to identify evolv-
ing gene families and determine the branches where these 
changes occurred. The analysis required two input files: 
(1) a count data file, generated through clustering analysis 
(e.g., using OrthoFinder) and formatted to include gene 
family descriptions, unique identifiers, and gene counts 
across taxa, and (2) a phylogenetic tree file, which had to 
be a binary, rooted, ultrametric tree in Newick format, 
typically inferred through molecular dating methods. The 

two input data files for CAFE are reported in Table 2 and 
Datafile 7. Results of CAFE execution (Base_change.tab) 
contain gene families. Positive values were classified as 
expanded, while the negative ones were considered con-
tracted. This allowed for the identification of gene fami-
lies relevant to specific biological processes [26].

Ad-hoc Python scripts were used to annotate ortho-
groups. The information about the annotation contains 
orthogroup ID, accession number, protein description, 
and species (Datafile 9). Through an accurate investi-
gation we selected proteins of interest, based on their 
potential role in CO₂ fixation, carbon metabolism, and 
related metabolic pathways. Using the same phylogenetic 
framework, we further examined whether gene families 
associated with CO₂ capture or metabolism had under-
gone significant variations among the studied species.
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