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Abstract: Considering the phylogenetic differences in the taxonomic framework of the Chaetophorales
as determined by the use of nuclear molecular markers or chloroplast genes, the current study was
the first to use phylotranscriptomic analyses comparing the transcriptomes of 12 Chaetophorales algal
species. The results showed that a total of 240,133 gene families and 143 single-copy orthogroups
were identified. Based on the single-copy orthogroups, supergene analysis and the coalescent-based
approach were adopted to perform phylotranscriptomic analysis of the Chaetophorales. The phylo-
genetic relationships of most species were consistent with those of phylogenetic analyses based on
the chloroplast genome data rather than nuclear molecular markers. The Schizomeriaceae and the
Aphanochaetaceae clustered into a well-resolved basal clade in the Chaetophorales by either strategy.
Evolutionary analyses of divergence time and substitution rate also revealed that the closest relation-
ships existed between the Schizomeriaceae and Aphanochaetaceae. All species in the Chaetophorales
exhibited a large number of expanded and contracted gene families, in particular the common an-
cestor of the Schizomeriaceae and Aphanochaetaceae. The only terrestrial alga, Fritschiella tuberosa,
had the greatest number of expanded gene families, which were associated with increased fatty
acid biosynthesis. Phylotranscriptomic and evolutionary analyses all robustly identified the unique
taxonomic relationship of Chaetophorales consistent with chloroplast genome data, proving the
advantages of high-throughput data in phylogeny.

Keywords: Chaetophorales; divergence time; gene family evolution; phylotranscriptomic analysis;
substitution rates

1. Introduction

Filamentous green algae of the order Chaetophorales, one of the members of the
OCC (Oedogoniales, Chaetophorales, and Chaetopeltidales) clade in the Chlorophyceae
(Chlorophyta), have significant research and practical applications [1–6]. Recently, a series
of studies has made this previously less well-known algal order, the Chaetophorales,
increasingly more familiar to phycologists. The Chaetophorales has been shown to exhibit
uncontested monophyly [7,8], although some key relationships within this order warrant
further investigation. Based on only a few species or a single molecular marker, previous
phylogenetic analyses had failed to reveal relationships within the Chaetophorales [9–11].

When Caisová et al. [7] published a few additional representative species and 18S
rDNA sequences in the Chaetophorales, the preliminary taxonomic relationship was finally
shown. Subsequently, the family Barrancaceae was included as a new member of the
Chaetophorales [8], with the broadly defined family, the Chaetophoraceae, being revised
with an additional family, the Fritschiellaceae [12].

The six families Schizomeridaceae, Aphanochaetaceae, Barrancaceae, Uronemataceae,
Fritschiellaceae, and Chaetophoraceae were included in the order Chaetophorales at the
moment, but relationships among this families remain unclear. Based on chloroplast
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genomes, Liu et al. [13] had successfully determined the taxonomic relationship within the
order Chaetophorales, although this was in conflict with the results based on 18S rDNA
genes [13].

In view of the inconsistency of the taxonomic framework of the Chaetophorales based
on nuclear molecular markers or chloroplast genome data, we planned to use transcrip-
tomic data to explore the phylogenetic relationships within this order. Due to its distinct
benefits, phylotranscriptomics is increasingly being used for phylogenetic and evolutionary
investigations on green algae. It has been demonstrated that acquiring high-density tran-
scriptomic data in conjunction with the development of numerous sophisticated analytical
techniques is an effective strategy for clarifying ambiguous evolutionary relationships
between distinct species [14–20]. However, no transcriptomic data had been published on
members of the Chaetophorales and little was known about the phylotranscriptomics of
this order.

Many studies on the origin, adaptation, and evolution of different species have made
use of the expansion and contraction of gene families analysis [18,21–25]. We can better
comprehend the evolutionary transitions in this group of algae by analyzing the evolution
of gene families. The evolution of organismal diversity has mostly been shaped by natural
selection [26]; generally, most genes have been subject to purifying selection in order to
maintain their function [27]. However, changes in selection pressure types could lead to
evolutionary innovations. The non-synonymous/synonymous (dN/dS) ratio is a measure
of the predominant natural selection pressure acting on protein-encoding genes, presented
as the ratio of substitution rates at dN and dS sites. Normally, positive selection is shown
by values of dN/dS > 1, neutral evolution shown by values of dN/dS = 1 and negative
purifying shown by values of dN/dS < 1 respectively [28]. Furthermore, dN/dS ratio
analysis could contribute to revealing the evolutionary relationships in this group of algae.
The current study intended to advance our current understanding of the evolution of algae
in this order, determine the taxonomic relationship, and phylogenetically reconstruct the
order Chaetophorales.

2. Materials and Methods
2.1. Culture Conditions

Twelve cultures representing five families of the Chaetophorales, with the exception of
the Barrancaceae (Table 1), were obtained from the Culture Collection of Freshwater Algae
at the Institute of Hydrobiology, Chinese Academy of Sciences (FACHB). All algae were
cultured in Bold’s Basal Medium (BBM) liquid medium [29] under a photon fluence rate of
15–35 µmol m–2 s–1 in a 14-h:10-h light: dark cycle at 20 ◦C.
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Table 1. Summary of transcriptome data of the Chaetophorales.

Species Voucher Culture No. of Raw
Reads

No. of Clean
Reads N50 Length Single-Copy

Orthologs
Complete

BUSCOs (%)

Number of
Coding

Sequence

Schizomeris leibleinii HB202102 FACHB-3716 53,719,904 53,250,356 2530 1531 86.40 19298

Aphanochaete confervicola HB201725 FACHB-3717 54,935,394 54,925,846 1461 1023 87.00 68361

Aphanochaete elegans HB201732 FACHB-3718 54,067,336 54,055,980 1864 1360 84.10 42264

Uronema confervicolum LY201701 FACHB-3719 58,939,480 58,861,738 1937 1495 85.40 41588

Draparnaldia mulabilis AES201713 FACHB-3720 76,239,588 76,226,452 1614 1472 83.40 31263

Chaetophora lobata QH201901 FACHB-2800 55,627,796 55,487,446 1544 1186 81.60 49304

Stigeoclonium sp. HB201635 FACHB-2288 68,612,258 68,599,684 2055 1690 82.30 29126

F. tuberosa HB201823 FACHB-3721 58,548,230 58,465,136 1657 1308 82.80 55524

Chaetophoropsis polyrhizum HB201646 FACHB-2244 60,022,402 60,008,734 2090 1634 83.20 34764

Stigeoclonium sp. HB201648 FACHB-3722 60,955,222 60,946,270 1946 1471 83.50 31683

Stigeoclonium sp. YN201601 FACHB-3723 63,709,968 63,690,832 1990 1762 83.70 32184

Chaetophoropsis attenuata FHB201644 FACHB-2291 87,268,606 87,168,808 1720 1621 81.80 34151
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2.2. Library Preparation and Sequencing

Thermo Fisher Scientific’s TRIzol reagent was used to extract total RNA, and oligo-dT
magnetic beads were used to separate poly (A) + mRNA. The mRNA was fragmented by
divalent cations at a high temperature in NEBNext First Strand Synthe-sis Reaction Buffer
(5×), which was as a template to synthesis random hexamer-primed first-strand cDNA
and followed by second strand of cDNA. The NEBNext Ultra RNA Library Prep Kit for
Illumina (NEB, Lawrence, MA, USA) was used to create the sequencing library, and the
NovaSeq 6000 platform was used for the sequencing (Illumina, San Diego, CA, USA).

2.3. Quality Control, De Novo Assembly, and Sequence Annotation

Initially, FastQC v0.11.6 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/,
accessed on 12 July 2021) was used to assess the quality of the raw reads, and Trimmomatic
v0.38 [30] was used to do quality control on the raw reads. The clean reads were then
assembled by using Trinity v2.8.4 [31] and redundant transcripts were removed using
CD-HIT v4.7 [32] with default settings.

BUSCO v3.0.2 was used to evaluate the final transcripts’ completeness [33]. Then, each
transcript’s open reading frame (ORF) was predicted using TransDecoder v. 5.5.0. Diamond
v0.8.22.84 [34] and Pfam searches for the longest ORFs in the Uniref90 database were
performed using BLASTP [35] to search for the longest coding region in each transcript
using HMMER v3.1b2 [36]. The nucleotide coding sequences (CDS) and amino acid
sequences (PEP sequence) of these regions were employed for the future studies after
TransDecoder had integrated the BLASTP and Pfam search results into coding sections
(Sections 2.4 and 2.5).

2.4. Orthologous Group Identification and Phylotranscriptomic Analysis

Single-copy orthologues were found using OrthoFinder v2.3.12 [37]. For phylotran-
scriptomic analysis, single-copy orthologue PEP sequences were chosen. Using MAFFT
v7.394 [38] and the options -maxiterate 1000 and -globalpair, each single-copy orthologue
was aligned. Using the parameter automated1, trimAl v1.4 [39] was used to trim regions
with poor alignment. The following phylotranscriptomic analysis employed the ortholo-
gous group’s trimmed alignments.

The phylogenetic trees were built using coalescent-based analysis and supergene anal-
ysis. SequenceMatrix [40] was used to concatenate all orthologous groups for the supergene
analysis, and PartitionFinder 2 [41] was utilized to identify the evolutionary models and
the partitioning of the PEP dataset. The PEP dataset was used to estimate phylogenies
using maximum likelihood (ML) and Bayesian inference (BI) techniques. Phylogenetic trees
were created using MrBayes v3.2.6 and RAxML v8.2.10 [42,43]. With trees sampled every
1000 generations in a Markov chain Monte Carlo (MCMC) study, four Markov chains (three
warm, one cold) were used, and 1000 copies of the ML dataset were used in bootstrap
studies to determine statistical reliability. For the coalescent-based studies, each single-copy
orthologue underwent ML analysis in RAxML using the PROTGAMMAGTR model and
1000 quick bootstrap replicates. With ASTRAL v5.6.3, the coalescence-based species tree
(ST) phylogeny was inferred using the best trees [44].

2.5. Gene Family Expansion and Contraction Analysis

The CAFE v3.1 algorithm [45] was used to determine the expansion and contraction
of gene families based on the estimates, and the significantly modified gene families were
identified using the p-value threshold of 0.05.

2.6. Divergence Time Estimation

Based on the fossil time of the species F. tuberosa vs. D. mutabilis and of D. mutabilis vs.
Chlamydomonas reinhardtii in the official website of TIMETREE (http://www.timetree.org/,
accessed on 15 July 2022) and the topology of phylogenetic tree, PAML v4.9 [28] was used

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.timetree.org/
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to estimate divergence time (mcmctree, nsample = 1,000,000; burin = 200,000; seqtype = 0;
model = 4).

2.7. Substitution Rate Estimation

All single-copy orthologues’ substitution rates and dN/dS ratios were calculated using
the CODEML program of PAML v4.9 [28] (runmode = 2, CodonFreq = 2). Orthologues
with dS values greater than five were excluded from further analysis.

3. Results
3.1. De Novo Transcriptome Assembly and Orthology Detection

This study involved transcriptome data from 12 species from eight genera of five
families, representing the existing major branches of the Chaetophorales. Information
regarding the transcriptomes of Chaetophorales members are summarised in Table 1.
According to Illumina paired-end sequencing technology, each species’ raw reads varied
from 53,719,904 to 87,268,606 bases. whereas clean reads ranged from 53,250,356 bp to
87,168,808 bp after filtering out adapters and low-quality sequences. De novo assembly
revealed that the N50 values of all species ranged from 1461 bp to 2530 bp, indicating
high contiguity. According to searches for the BUSCOs (Benchmarking Universal Single-
Copy Orthologues) established for the Chlorophyta, the percentages of conserved genes in
our 12 transcriptomes were >80%, reflecting a high level of completeness. TransDecoder
predicted between 19,298 and 68,361 bases of coding sequences.

The CDS and PEP of the coding sequences of the 12 species, along with the cor-
responding C. reinhardtii sequences retrieved from the NCBI database, were utilized to
search for orthologs. There were 487,252 genes in total and were divided into orthogroups.
There were 17,553 orthogroups, and all of them were employed for the examination of
the evolution of gene families. Each orthogroup represented a family of genes. For the
phylotranscriptomic study, estimation of substitution rate, and estimation of divergence
time, a total of 143 single-copy orthogroups were used.

3.2. Phylotranscriptomic Analysis

Based on the PEP sequences of 143 single-copy orthogroups, the ML and BI phyloge-
netic trees (Figure 1) for all 13 species were created. In contrast to earlier analyses of rDNA
datasets [7,8,46], supergene analysis and coalescent-based analysis produced the same
topology of the Chaetophorales with robust support at almost all nodes, but they were com-
patible with the phylogenetic tree based on the chloroplast protein-coding genes [13]. With
the exception of the Barrancaceae, the five currently recognized families—Schimeriaceae,
Aphanochaetaceae, Uronemataceae, Fritschiellaceae, and Chaetophoraceae—diverged into four
well-supported clades within the Chaetophorales. At the base of the order Chaetophorales,
the Schizomeriaceae and Aphanochaetaceae were grouped together. The Uronemataceae,
as the sister, had the closest relationship with the clade comprising the Fritschiellaceae and
Chaetophoraceae, which was located at the top branch of the Chaetophorales. The genus
Stigeoclonium was still polyphyletic.

3.3. Gene Family Expansion and Contraction Analysis

The CAFE computational tool’s birth-death model, which makes the assumption that
at least one gene resides at the species tree’s root, was used to analyze the evolution of
gene families. Figure 2 depicts the numerous expansions and contractions that the gene
families of all Chaetophorales had undergone. A total of 525 gene families exhibited
expansion compared with 3456 gene families undergoing contraction. S. leibleinii displayed
3456 contracted gene families and F. tuberosa (the only terrestrial alga in the Chaetophorales)
exhibited 2284 expanded gene families, numbers which were greater than those in all other
nodes and species.



Genes 2022, 13, 1389 6 of 13Genes 2022, 13, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 1. 143 single-copy orthogroups were used to construct the phylogenetic tree for the order 
Chaetophorales. The numbers on the nodes correspond to the bootstrap support values (BP)/poste-
rior probabilities (PP). The scale bar represents the genetic distances, which are proportional to 
branch lengths. The Schizomeridaceae and Aphanochaetaceae family clade is indicated by the gray 
backdrop. 

3.3. Gene Family Expansion and Contraction Analysis 
The CAFE computational tool’s birth-death model, which makes the assumption that 

at least one gene resides at the species tree’s root, was used to analyze the evolution of 
gene families. Figure 2 depicts the numerous expansions and contractions that the gene 
families of all Chaetophorales had undergone. A total of 525 gene families exhibited ex-
pansion compared with 3456 gene families undergoing contraction. S. leibleinii displayed 
3456 contracted gene families and F. tuberosa (the only terrestrial alga in the Chaetopho-
rales) exhibited 2284 expanded gene families, numbers which were greater than those in 
all other nodes and species. 

Figure 1. 143 single-copy orthogroups were used to construct the phylogenetic tree for the order
Chaetophorales. The numbers on the nodes correspond to the bootstrap support values (BP)/posterior
probabilities (PP). The scale bar represents the genetic distances, which are proportional to branch
lengths. The Schizomeridaceae and Aphanochaetaceae family clade is indicated by the gray backdrop.

Genes 2022, 13, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 2. The branch numbers represent the number of gene families that have expanded (+) and 
contracted (−) since the common ancestor’s split. The relative ratio of expansion or contraction is 
shown on the pie chart. The timelines show the times at which the species diverged. 

Using gene ontology (GO) enrichment and the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analyses, the roles of the enlarged gene families of F. tuberosa 
were examined. One of the gene families that underwent significant expansion in F. tuber-
osa (adjusted p < 0.01) was primarily involved in fatty acid biosynthesis (Ko00061) (Figure 
3a), a finding which was consistent with the high production of fatty acids by this terres-
trial alga (Figure 3b,c). 

Figure 2. The branch numbers represent the number of gene families that have expanded (+) and
contracted (−) since the common ancestor’s split. The relative ratio of expansion or contraction is
shown on the pie chart. The timelines show the times at which the species diverged.



Genes 2022, 13, 1389 7 of 13

Using gene ontology (GO) enrichment and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses, the roles of the enlarged gene families of F. tuberosa
were examined. One of the gene families that underwent significant expansion in F. tuberosa
(adjusted p < 0.01) was primarily involved in fatty acid biosynthesis (Ko00061) (Figure 3a),
a finding which was consistent with the high production of fatty acids by this terrestrial
alga (Figure 3b,c).
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3.4. Divergence Time Estimation

The tree was constructed based on 143 single-copy orthologues. The average diver-
gence times of most species were in the range 586–893 MYA, located in the Proterozoic
era, during which period the biological world evolved from prokaryotes to eukaryotes,
being dominated by fungus and algae, with the Schizomeriaceae, Aphanochaetaceae, and
Fritschiellaceae diverging later and all of them located in the Paleozoic era. Divergence
times between the clade (Schizomeriaceae + Aphanochaetaceae) and the other families
of the Chaetophorales were about 743–962 MYA, whereas divergence time between the
Schizomeriaceae and the Aphanochaetaceae was about 357 MYA. Divergence time be-
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tween Stigeoclonium sp. (SRR19138393) and F. tuberosa (SRR19137783) was about 367 MYA.
A. confervicola (SRR19135353) and A. elegans (SRR19135358) did not diverge until the Meso-
zoic era (Figure 4).
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3.5. Substitution Rate Estimation

The rate of dN and dS substitutions was calculated utilizing the ML method. There
were 140 single-copy orthogroups after the orthogroups with dS > 5 were eliminated. The
dN and dS rates of each species are shown in Figure 5a,b.

The dN and dS rates of A. confervicola were higher than those of other species. We
selected species representative of each family for significance testing. S. leibleinii (family
Schizomeriaceae) and A. confervicola (family Aphanochaetaceae) exhibited no significant
difference with respect to either dN or dS rates. S. leibleinii (family Schizomeriaceae) was
significantly different from U. confervicolum (family Uronemataceae) and D. mutabilis (family
Chaetophoraceae). Families of the Uronemataceae, Fritschiellaceae, and Chaetophoraceae
were not significantly different from one another.
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standard deviation of dN, dS and dN/dS for each species.
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4. Discussion

Previous studies based on nuclear markers had clearly shown the Schizomeridaceae, to
be the basal clade, being a sister of all of the other remaining families of the Chaetophorales
and being markedly separate from the Aphanochaetaceae with robust support [7,8,12,13].
On the other hand, phylogenetic analyses based on the chloroplast protein-coding genes
showed a different scenario, in that the Schizomeriaceae and Aphanochaetaceae could
not be clearly separated in terms of rDNA datasets and were instead, clustered into one
branch at the base of the order Chaetophorales [13]. In the present study, phylotranscrip-
tomic analyses based on 143 single-copy orthologues strongly supported the latter results,
with the Schizomeriaceae and Aphanochaetaceae clustered into one branch at the base of
the Chaetophorales order, findings which were consistent with those from phylogenetic
analyses based on chloroplast genome data [13].

There may be paralogues, different evolutionary rates, insufficient lineage sorting,
horizontal gene transfer, or gene duplication as the primary causes of gene tree discrep-
ancies [47–53]. Increases in dataset information and the use of an analysis method that is
more appropriate could lessen the impact of such errors [54–57] and enhance the phylo-
genetic analysis’s support, resolution, and accuracy [58]. Considering the phylogenetic
discrepancy between the nuclear molecular markers and the chloroplast genes on the
taxonomic framework of the Chaetophorales and the unique advantages of the transcrip-
tome, the current study was the first to subject the transcriptomes of Chaetophorales
algae to phylotranscriptomic analyses. In this study, based on supergene concatenated
by 143 single-copy orthologues and partitioned to apply different evolutionary models
to different groupings, plus coalescent-based analyses approaches, phylotranscriptomic
analyses of Chaetophorales proved to be more reliable. The incongruence between gene
trees and species trees can be reduced by using a high number of unlinked loci in phylo-
transcriptomic analyses based on single-copy orthologues [18,59–61]. Although high levels
of gene tree conflicts for incomplete lineage sorting [57] or horizontal gene transfer [55,56],
based on coalescent-based method, ASTRAL was used to estimated species trees from
multiple genes resulted in highly accurate phylogenomic estimation.

Different variables, such as gene duplication, de novo gene production, gene loss,
the function of gene families, and changes in environmental conditions, may have an
impact on the number of expanded or contracted gene families [62–64]. The finding of
expanded gene families of F. tuberosa associated with the functions of fatty acid biosynthesis
was common among numerous terrestrial algae and reflected a tolerance strategy against
stressful environments [65]. One of the causes of genome decrease, according to a prior
study, was gene family contraction [66]. Unfortunately, no whole genome of a member of
the Chaetophorales has been published to test this hypothesis.

Phylogenetic analysis and divergence time estimation was performed among twelve
species of green algae of the order Chaetophorales. In the Proterozoic era, many fossils of
fungi, algae, and ancient microbes have been found. Thus, this era was also called the era of
bacteria and algae. The average divergence times of most species were located in this special
period, which was consistent with the findings for green algae of this period. The clade com-
prising the Schizomeriaceae and Aphanochaetaceae diverged earlier and the two families
subsequently diverged from one another, indicating the close relationships between them.
Fossil evidence suggested that, around 500–600 MYA, a type of green alga successfully
resisted the arid, terrestrial conditions and took to the land, becoming the ancestor of land
plants. As the only terrestrial member of the Chaetophorales, that F. tuberosa (SRR19137783)
diverged from the aquatic species at 367 million years ago appeared reasonable, since it
was not on the evolutionary line from which land plants originated.

Most orthogroups (n = 110) had dN/dS ratios greater than 1, indicating positive selec-
tion, with the non-synonymous mutations resulting from Darwinian positive selection [67].
Positive selection is closely related to the adaptive evolution of species [17,44,68]. Only 33
of the orthogroups had ratios that were significantly low (dN/dS < 1), indicating strong
negative (purifying) selection [28]. The dN and dS rates between the Schizomeriaceae and
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Aphanochaetaceae were not significantly different from each other, although the clade
comprising the Schizomeriaceae and Aphanochaetaceae had dN and dS rates significantly
higher than those of other families, which reflected the close relationship between the
Schizomeriaceae and the Aphanochaetaceae in the Chaetophorales.

This study provided the first transcriptomic data and determined the taxonomic
framework and evolutionary relationships of the green algae Chaetophorsles, and revealed
that the expansion gene families of genus Fritschiella were related to fatty acid synthesis,
which provided a research basis for the utilization of this algae resources. The terrestrial
alga F. tuberosa is a promising microalga for sustainable co-production of pigments and
fatty acids in future.

5. Conclusions

Phylotranscriptomic analysis showed that the unique taxonomic scheme of the Chaeto-
phorales obtained was consistent with that obtained from chloroplast genome data, a
finding which proved the advantages of high-throughput data in phylogeny and gave
new insights to the evolution of the Chaetophorales. Unfortunately, little transcriptomic
and genomic data of the Chaetophorales have been published to date and further study
is needed.
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3. Pawlik-Skowrońska, B. Phytochelatin production in freshwater algae Stigeoclonium in response to heavy metals contained in

mining water; effects of some environmental factors. Aquat. Toxicol. 2001, 52, 241–249. [CrossRef]
4. Liu, J.Z.; Vyverman, W. Differences in nutrient uptake capacity of the benthic filamentous algae Cladophora sp., Klebsormidium sp.

and Pseudanabaena sp. under varying N/P conditions. Bioresour. Technol. 2015, 179, 234–242. [CrossRef] [PubMed]
5. Liu, J.Z.; Danneels, B.; Vanormelingen, P.; Vyvermanb, W. Nutrient removal from horticultural waste water benthic filamentous

algae Klebsormidium sp. Stigeoclonium spp. and their communities: From laboratory flask to outdoor Algal Turf Scrubber (ATS).
Water Res. 2016, 92, 61–68. [CrossRef] [PubMed]

6. Liu, J.Z.; Vanormelingen, P.; Vyverman, W. Fatty acid profiles of four filamentous green algae under varying culture conditions.
Bioresour. Technol. 2016, 200, 1080–1084. [CrossRef] [PubMed]

7. Caisová, L.; Marin, B.; Sausen, N.; Pröschold, T.; Melkonian, M. Polyphyly of Chaetophora and Stigeoclonium within the
Chaetophorales (Chlorophyceae), revealed by sequence comparisons of nuclear-encoded SSU rRNA genes. J. Phycol. 2011,
47, 164–177. [CrossRef]

8. Caisová, L.; Pérez Reyes, C.; Cruz Álamo, V.; Martel Quintana, A.; Surek, B.; Melkonian, M. Barrancaceae: A new green algal
lineage with structural and behavioral adaptations to a fluctuating environment. Am. J. Bot. 2015, 102, 1482–1492. [CrossRef]

https://www.ncbi.nlm.nih.gov/
http://doi.org/10.1080/00071617600650471
http://doi.org/10.1016/S0032-9592(99)00011-4
http://doi.org/10.1016/S0166-445X(00)00144-2
http://doi.org/10.1016/j.biortech.2014.12.028
http://www.ncbi.nlm.nih.gov/pubmed/25544498
http://doi.org/10.1016/j.watres.2016.01.049
http://www.ncbi.nlm.nih.gov/pubmed/26841229
http://doi.org/10.1016/j.biortech.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26555240
http://doi.org/10.1111/j.1529-8817.2010.00949.x
http://doi.org/10.3732/ajb.1500199


Genes 2022, 13, 1389 12 of 13

9. Booton, G.C.; Floyd, G.L.; Fuerst, P.A. Origins and affinities of the filamentous green algal orders Chaetophorales and Oedogo-
niales based on 18SrRNA gene sequences. J. Phycol. 1998, 34, 312–318. [CrossRef]

10. Buchheim, M.A.; Michalopulos, E.A.; Buchheim, J.A. Phylogeny of the Chlorophyceae with special reference to the Sphaeropleales:
A study of 18S and 26S rRNA data. J. Phycol. 2001, 37, 819–835. [CrossRef]

11. Turmel, M.; Brouard, J.S.; Gagnon, C.; Otis, C.; Lemieux, C. Deep division in the Chlorophyceae (Chlorophyta) revealed by
chloroplast phylogenomic analyses. J. Phycol. 2008, 44, 739–750. [CrossRef]

12. Caisová, L.; Melkonian, M. The Chaetophorales (Chlorophyceae)—A taxonomic revision at family level. Eur. J. Phycol. 2018,
53, 381–392. [CrossRef]

13. Liu, B.W.; Hu, Y.X.; Hu, Z.Y.; Liu, G.X.; Zhu, H. Taxonomic scheme of the order Chaetophorales (Chlorophyceae, Chlorophyta)
based on chloroplast genomes. BMC Genom. 2020, 21, 442. [CrossRef]

14. Wickett, N.J.; Mirarab, S.; Nguyen, N.; Warnow, T.; Carpenter, E.; Matasci, N.; Ayyampalayam, S.; Barker, M.S.; Burleigh, J.G.;
Gitzendanner, M.A.; et al. Phylotranscriptomic analysis of the origin and early diversification of land plants. Proc. Natl. Acad. Sci.
USA 2014, 111, E4859–E4868. [CrossRef]

15. Hou, Z.; Ma, X.; Shi, X.; Li, X.; Yang, L.; Xiao, S.; De Clerck, O.; Leliaert, F.; Zhong, B. Phylotranscriptomic insights into a
Mesoproterozoic–Neoproterozoic origin and early radiation of green seaweeds (Ulvophyceae). Nat. Commun. 2022, 13, 1610.
[CrossRef] [PubMed]

16. Jackson, C.; Salomaki, E.D.; Lane, C.E.; Saunders, G.W. Kelp transcriptomes provide robust support for interfamilial relationships
and revision of the little known Arthrothamnaceae (Laminariales). J. Phycol. 2017, 53, 1–6. [CrossRef]

17. Zhang, Z.; Qu, C.; Yao, R.; Nie, Y.; Xu, C.; Miao, J.; Zhong, B. The parallel molecular adaptations to the Antarctic cold environment
in two psychrophilic green algae. Genome. Biol. Evol. 2019, 11, 1897–1908. [CrossRef]

18. Hu, Y.; Xing, W.; Song, H.; Hu, Z.; Liu, G. Comparison of colonial volvocine algae based on phylotranscriptomic analysis of gene
family evolution and natural selection. Eur. J. Phycol. 2020, 55, 100–112. [CrossRef]

19. Cheon, S.; Lee, S.; Hong, H.; Lee, H.; Kim, K.; Park, C. A guide to phylotranscriptomic analysis for phycologists. Algae 2021,
36, 333–340. [CrossRef]

20. Xiong, Q.; Hu, Y.; Dong, X.; Chen, Y.; Liu, G.; Hu, Z. Phylotranscriptomic and Evolutionary Analyses of Oedogoniales (Chloro-
phyceae, Chlorophyta). Diversity 2002, 14, 157. [CrossRef]

21. Hahn, M.W.; Demuth, J.P.; Han, S.G. Accelerated rate of gene gain and loss in primates. Genetics 2007, 177, 1941–1949. [CrossRef]
[PubMed]

22. Prochnik, S.E.; Umen, J.; Nedelcu, A.M.; Hallmann, A.; Miller, S.M.; Nishii, I.; Ferris, P.; Kuo, A.; Mitros, T.; Fritz-Laylin, L.K.; et al.
Genomic analysis of organismal complexity in the multicellular green alga Volvox carteri. Science 2010, 329, 223–226. [CrossRef]
[PubMed]

23. Hanschen, E.R.; Marriage, T.N.; Ferris, P.J.; Hamaji, T.; Toyoda, A.; Fujiyama, A.; Neme, R.; Noguchi, H.; Minakuchi, Y.; Suzuki,
M.; et al. The Gonium pectorale genome demonstrates co-option of cell cycle regulation during the evolution of multicellularity.
Nat. Commun. 2016, 7, 11370. [CrossRef] [PubMed]

24. Kim, S.; Cho, Y.S.; Kim, H.M.; Chung, O.; Kim, H.; Jho, S.; Seomum, H.; Kim, J.; Bang, W.Y.; Kim, C.; et al. Comparison of
carnivore, omnivore, and herbivore mammalian genomes with a new leopard assembly. Genome Biol. 2016, 17, 211. [CrossRef]
[PubMed]

25. Featherston, J.; Arakaki, Y.; Hanschen, E.R.; Ferris, P.J.; Michod, R.E.; Olson, B.J.; Nozaki, H.; Durand, P.M. The 4-celled Tetrabaena
socialis nuclear genome reveals the essential components for genetic control of cell number at the origin of multicellularity in the
volvocine lineage. Mol. Biol. Evol. 2017, 35, 855–870. [CrossRef]

26. Lenski, R.E.; Ofria, C.; Pennock, R.T.; Adami, C. The evolutionary origin of complex features. Nature 2003, 423, 139. [CrossRef]
27. Zhang, J. Evolution by gene duplication: An update. Trends Ecol. Evol. 2003, 18, 292–298. [CrossRef]
28. Yang, Z. PAML 4: Phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 2007, 24, 1586–1591. [CrossRef]
29. Bischoff, H.W.; Bold, H.C. Phycological Studies IV. Some Soil Algae from Enchanted Rock and Related Algal Species; University of Texas

Publication: Denton, TX, USA, 1963; pp. 1–95.
30. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.

[CrossRef]
31. Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng,

Q.; et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. Biotechnol. 2011, 29, 644.
[CrossRef]

32. Fu, L.; Niu, B.; Zhu, Z.; Wu, S.; Li, W. CD-HIT: Accelerated for clustering the next-generation sequencing data. Bioinformatics 2012,
28, 3150–3152. [CrossRef] [PubMed]

33. Simão, F.A.; Waterhouse, R.M.; Ioannidis, P.; Kriventseva, E.V.; Zdobnov, E.M. BUSCO: Assessing genome assembly and
annotation completeness with single-copy orthologs. Bioinformatics 2015, 31, 3210–3212. [CrossRef]

34. Buchfink, B.; Xie, C.; Huson, D.H. Fast and sensitive protein alignment using DIAMOND. Nat. Methods 2015, 12, 59–60. [CrossRef]
[PubMed]

35. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and
applications. BMC Bioinform. 2009, 10, 421. [CrossRef] [PubMed]

http://doi.org/10.1046/j.1529-8817.1998.340312.x
http://doi.org/10.1046/j.1529-8817.2001.00162.x
http://doi.org/10.1111/j.1529-8817.2008.00510.x
http://doi.org/10.1080/09670262.2018.1453090
http://doi.org/10.1186/s12864-020-06845-y
http://doi.org/10.1073/pnas.1323926111
http://doi.org/10.1038/s41467-022-29282-9
http://www.ncbi.nlm.nih.gov/pubmed/35318329
http://doi.org/10.1111/jpy.12465
http://doi.org/10.1093/gbe/evz104
http://doi.org/10.1080/09670262.2019.1663269
http://doi.org/10.4490/algae.2021.36.12.7
http://doi.org/10.3390/d14030157
http://doi.org/10.1534/genetics.107.080077
http://www.ncbi.nlm.nih.gov/pubmed/17947411
http://doi.org/10.1126/science.1188800
http://www.ncbi.nlm.nih.gov/pubmed/20616280
http://doi.org/10.1038/ncomms11370
http://www.ncbi.nlm.nih.gov/pubmed/27102219
http://doi.org/10.1186/s13059-016-1071-4
http://www.ncbi.nlm.nih.gov/pubmed/27802837
http://doi.org/10.1093/molbev/msx332
http://doi.org/10.1038/nature01568
http://doi.org/10.1016/S0169-5347(03)00033-8
http://doi.org/10.1093/molbev/msm088
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1038/nbt.1883
http://doi.org/10.1093/bioinformatics/bts565
http://www.ncbi.nlm.nih.gov/pubmed/23060610
http://doi.org/10.1093/bioinformatics/btv351
http://doi.org/10.1038/nmeth.3176
http://www.ncbi.nlm.nih.gov/pubmed/25402007
http://doi.org/10.1186/1471-2105-10-421
http://www.ncbi.nlm.nih.gov/pubmed/20003500


Genes 2022, 13, 1389 13 of 13

36. Mistry, J.; Finn, R.D.; Eddy, S.R.; Bateman, A.; Punta, M. Challenges in homology search: HMMER3 and convergent evolution of
coiled-coil regions. Nucleic. Acids. Res. 2013, 41, e121. [CrossRef]

37. Emms, D.M.; Kelly, S. OrthoFinder: Solving fundamental biases in whole genome comparisons dramatically improves orthogroup
inference accuracy. Genome Biol. 2015, 16, 157. [CrossRef]

38. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability.
Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef]

39. Capella-Gutiérrez, S.; Silla-Martínez, J.M.; Gabaldón, T. trimAl: A tool for automated alignment trimming in large-scale
phylogenetic analyses. Bioinformatics 2009, 25, 1972–1973. [CrossRef]

40. Vaidya, G.; Lohman, D.J.; Meier, R. SequenceMatrix: Concatenation software for the fast assembly of multi-gene datasets with
character set and codon information. Cladistics 2011, 27, 171–180. [CrossRef]

41. Lanfear, R.; Frandsen, P.B.; Wright, A.M.; Senfeld, T.; Calcott, B. PartitionFinder 2: New methods for selecting partitioned models
of evolution for molecular and morphological phylogenetic analyses. Mol. Biol. Evol. 2016, 34, 772–773. [CrossRef]

42. Stamatakis, A. RAxML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 2014,
30, 1312–1313. [CrossRef] [PubMed]

43. Ronquist, F.; Teslenko, M.; Mark, P.V.D.; Ayres, D.L.; Darling, A.; Höhna, S.; Larget, B.; Liu, L.; Suchard, M.A.; Huelsenbeck, J.P.
MrBayes 3.2: Efficient Bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 2012, 61, 539–542.
[CrossRef] [PubMed]

44. Zhang, C.; Rabiee, M.; Sayyari, E.; Mirarab, S. ASTRAL-III: Polynomial time species tree reconstruction from partially resolved
gene trees. BMC Bioinform. 2018, 19, 153. [CrossRef] [PubMed]

45. De Bie, T.; Cristianini, N.; Demuth, J.P.; Hahn, M.W. CAFE: A computational tool for the study of gene family evolution.
Bioinformatics 2006, 22, 1269–1271. [CrossRef]

46. Caisová, L.; Marin, B.; Melkonian, M. A consensus secondary structure of ITS2 in the Chlorophyta identified by phylogenetic
reconstruction. Protist 2013, 164, 482–496. [CrossRef]

47. Maddison, W.P. Gene trees in species trees. Syst. Biol. 1997, 46, 523–536. [CrossRef]
48. Huynen, M.A.; Bork, P. Measuring genome evolution. Proc. Natl. Acad. Sci. USA 1998, 95, 5849–5856. [CrossRef]
49. Doolittle, W.F. Phylogenetic classification and the universal tree. Science 1999, 284, 2124–2128. [CrossRef]
50. Degnan, J.H.; Rosenberg, N.A. Discordance of species trees with their most likely gene trees. PLoS Genet. 2006, 2, e68. [CrossRef]
51. Degnan, J.H.; Rosenberg, N.A. Gene tree discordance, phylogenetic inference and the multispecies coalescent. Trends Ecol. Evol.

2009, 24, 332–340. [CrossRef]
52. Zou, J.; Yue, W.; Li, L.; Wang, X.; Lu, J.; Duan, B.; Liu, J. DNA barcoding of recently diversified tree species: A case study on

spruces based on 20 DNA fragments from three different genomes. Trees 2016, 30, 959–969. [CrossRef]
53. Gernandt, D.S.; Aguirre Dugua, X.; Vázquez-Lobo, A.; Willyard, A.; Moreno Letelier, A.; Pérez de la Rosa, J.A.; Pinero, D.; Liston,

A. Multi-locus phylogenetics, lineage sorting, and reticulation in Pinus subsection Australes. Am. J. Bot. 2018, 105, 711–725.
[CrossRef]

54. Wolf, Y.I.; Rogozin, I.B.; Grishin, N.V.; Koonin, E.V. Genome trees and the tree of life. Trends Genet. 2002, 18, 472–479. [CrossRef]
55. Mirarab, S. Species tree estimation using ASTRAL: Practical considerations. arXiv 2019. [CrossRef]
56. Davidson, R.; Vachaspati, P.; Mirarab, S.; Warnow, T. Phylogenomic species tree estimation in the presence of incomplete lineage

sorting and horizontal gene transfer. BMC Genom. 2015, 16, S1. [CrossRef] [PubMed]
57. Mirarab, S.; Reaz, R.; Bayzid, M.S.; Zimmermann, T.; Swenson, M.S.; Warnow, T. ASTRAL: Genome-scale coalescent-based species

tree estimation. Bioinformatics 2014, 30, i541–i548. [CrossRef]
58. Wortley, A.H.; Rudall, P.J.; Harris, D.J.; Scotland, R.W. How much data are needed to resolve a difficult phylogeny? Case study in

Lamiales. Syst. Biol. 2005, 54, 697–709. [CrossRef]
59. Hillis, D.M. Approaches for assessing phylogenetic accuracy. Syst. Biol. 1995, 44, 3–16. [CrossRef]
60. Ruvolo, M. Molecular phylogeny of the hominoids: Inferences from multiple independent DNA sequence data sets. Mol. Biol.

Evol. 1997, 14, 248–265. [CrossRef]
61. Sang, T. Utility of low-copy nuclear gene sequences in plant phylogenetics. Crit. Rev. Biochem. Mol. 2002, 37, 121–147. [CrossRef]
62. Prachumwat, A.; Li, W.H. Gene number expansion and contraction in vertebrate genomes with respect to invertebrate genomes.

Genome Res. 2008, 18, 221–232. [CrossRef] [PubMed]
63. Guo, Y.L. Gene family evolution in green plants with emphasis on the origination and evolution of Arabidopsis thaliana genes.

Plant J. 2013, 73, 941–951. [CrossRef] [PubMed]
64. Albalat, R.; Cañestro, C. Evolution by gene loss. Nat. Rev. Genet. 2016, 17, 379. [CrossRef] [PubMed]
65. Wang, Y.; Jia, J.; Chi, Q.; Li, Y.; Wang, H.; Gong, Y.; Liu, G.; Hu, Z.; Han, D.; Hu, Q. Critical assessment of the filamentous green

microalga Oedocladium carolinianum for astaxanthin and oil production. Algal Res. 2022, 61, 102599. [CrossRef]
66. Qiu, H.; Price, D.C.; Yang, E.C.; Yoon, H.S.; Bhattacharya, D. Evidence of ancient genome reduction in red algae (Rhodophyta).

J. Phycol. 2015, 51, 624–636. [CrossRef] [PubMed]
67. Nei, M.; Kumar, S. Molecular Evolution and Phylogenetics; Oxford University Press: New York, NY, USA, 2000; pp. 33–50.
68. Teng, L.; Fan, X.; Xu, D.; Zhang, X.; Mock, T.; Ye, N. Identification of genes under positive selection reveals differences in

evolutionary adaptation between brown-algal species. Front Plant Sci. 2017, 8, 1429. [CrossRef] [PubMed]

http://doi.org/10.1093/nar/gkt263
http://doi.org/10.1186/s13059-015-0721-2
http://doi.org/10.1093/molbev/mst010
http://doi.org/10.1093/bioinformatics/btp348
http://doi.org/10.1111/j.1096-0031.2010.00329.x
http://doi.org/10.1093/molbev/msw260
http://doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
http://doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727
http://doi.org/10.1186/s12859-018-2129-y
http://www.ncbi.nlm.nih.gov/pubmed/29745866
http://doi.org/10.1093/bioinformatics/btl097
http://doi.org/10.1016/j.protis.2013.04.005
http://doi.org/10.1093/sysbio/46.3.523
http://doi.org/10.1073/pnas.95.11.5849
http://doi.org/10.1126/science.284.5423.2124
http://doi.org/10.1371/journal.pgen.0020068
http://doi.org/10.1016/j.tree.2009.01.009
http://doi.org/10.1007/s00468-015-1337-6
http://doi.org/10.1002/ajb2.1052
http://doi.org/10.1016/S0168-9525(02)02744-0
http://doi.org/10.48550/arXiv.1904.03826
http://doi.org/10.1186/1471-2164-16-S10-S1
http://www.ncbi.nlm.nih.gov/pubmed/26450506
http://doi.org/10.1093/bioinformatics/btu462
http://doi.org/10.1080/10635150500221028
http://doi.org/10.2307/2413480
http://doi.org/10.1093/oxfordjournals.molbev.a025761
http://doi.org/10.1080/10409230290771474
http://doi.org/10.1101/gr.7046608
http://www.ncbi.nlm.nih.gov/pubmed/18083775
http://doi.org/10.1111/tpj.12089
http://www.ncbi.nlm.nih.gov/pubmed/23216999
http://doi.org/10.1038/nrg.2016.39
http://www.ncbi.nlm.nih.gov/pubmed/27087500
http://doi.org/10.1016/j.algal.2021.102599
http://doi.org/10.1111/jpy.12294
http://www.ncbi.nlm.nih.gov/pubmed/26986787
http://doi.org/10.3389/fpls.2017.01429
http://www.ncbi.nlm.nih.gov/pubmed/28861104

	Introduction 
	Materials and Methods 
	Culture Conditions 
	Library Preparation and Sequencing 
	Quality Control, De Novo Assembly, and Sequence Annotation 
	Orthologous Group Identification and Phylotranscriptomic Analysis 
	Gene Family Expansion and Contraction Analysis 
	Divergence Time Estimation 
	Substitution Rate Estimation 

	Results 
	De Novo Transcriptome Assembly and Orthology Detection 
	Phylotranscriptomic Analysis 
	Gene Family Expansion and Contraction Analysis 
	Divergence Time Estimation 
	Substitution Rate Estimation 

	Discussion 
	Conclusions 
	References

