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Abstract 

Background  The genus Virescentia is a significant member of the Batrachospermaceae, exhibiting distinctive life 
history characteristics defined by alternating generations. This group of taxa has specific environmental requirements 
for growth. This paper investigates Virescentia, which primarily thrives in freshwater environments, such as streams 
and springs, characterized by low light, low temperatures, and high dissolved oxygen levels. Currently, no laboratory 
simulations of their growth conditions have been reported in culture studies. Additionally, previous studies indicate 
that comparisons of photosynthetic strength across different life-history stages of the same species have not been 
conducted, mainly due to the challenges of simultaneously collecting algal strains at both life-history stages.

Results  During the gametophyte stage, the chloroplast and mitochondrial genomes were measured at 184,899 bp 
and 26,867 bp, respectively. In the chantransia stage, the lengths of these genomes were 184,887 bp and 27,014 bp, 
respectively. A comparison of organellar genome covariation and phylogenetic reconstruction revealed that the chlo-
roplast and mitochondrial genomes across different life history stages were highly conserved, with genetic distances 
of 0 and nucleotide variants of only 9–15 bp. The mitochondrial genome of gametophyte SXU-YN24005 was found 
to lack two tRNA-Leu (tag) genes compared to that of the chantransia strain. Additionally, a comparative analysis 
of KEGG pathway transcriptome data from the two life history stages showed that 33 genes related to the ribosomal 
pathway and 53 genes associated with the photosynthesis pathway exhibited a significant decline in expression dur-
ing the gametophyte stage compared to the chantransia stage.

Conclusion  In this study, two samples of the same species at different life-history stages were collected 
from the same location for the first time. The analysis revealed a high degree of conservation between their organelle 
genomes. Additionally, transcriptome sequencing results indicated substantial differences in gene expression patterns 
between the two life-history stages. This research will provide reliable data to support the future histological database 
of freshwater red algae and will establish a theoretical basis for conserving rare and endangered species.

Keywords  Freshwater red algae, Virescentia guangxiensis, Different life history, Organellar genome, Transcriptome 
analysis

Background
Freshwater red algae are a significant group within the 
ecosystems of springs and streams, playing a crucial 
role in maintaining ecological balance. They are also 
considered essential for understanding the origin and 
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evolution of photosynthetic eukaryotes [1–3]. Freshwater 
red algae have specific habitat requirements, thriving in 
low-light, low-temperature, and high-dissolved-oxygen 
environments, often forming small, isolated populations. 
They are primarily found in pristine, flowing streams 
and springs [3, 4]. The specific and complex habitats of 
freshwater red algae render them vulnerable to impaired 
growth in response to changes in the external environ-
ment. As a result of increasing global water pollution, 
suitable habitats for freshwater red algae in springs and 
streams are becoming increasingly scarce. Consequently, 
some groups of freshwater red algae have been classified 
as rare and endangered species. Therefore, it is essential 
to conduct relevant biological research without delay.

The genus Virescentia, belonging to the Batrachosper-
maceae (Rhodophyta, Batrachospermales), is a repre-
sentative group of freshwater red algae. The life history 
consists of two key stages: the gametophyte and chan-
transia stages. Although these two stages are crucial 
for research, it is not easy to collect the corresponding 
algal strains at the same time and clarify the relation-
ship between them, mainly due to the unique morpho-
logical characteristics of the two stages. Observations 
and descriptions of the morphology of these stages can 
enhance our understanding of the life history processes 
and alternation of generation.

The life history of Virescentia comprises two distinct 
modes of reproduction: sexual and asexual. In this life 
history, the gametophyte is the dominant stage. Under 
favorable conditions, haploid gametophyte undergo 
sexual reproduction, producing carpogonia and sper-
matia. The spermatium lack mobility and flagella, 

relying on water currents to attach to the carpogonium. 
After fertilization, the carpogonium germinates at the 
base, forming radial gonimoblast filaments that develop 
into globular carposporophytes. The cells at the apex of 
the gonimoblast filaments give rise to carposporangia 
that contain carpospores. Under favorable conditions, 
the carpospores undergo further germination, produc-
ing chantransia. The apical cells of these chantransia 
undergo meiosis, producing haploid gametophyte. Both 
the gametophyte and chantransia can reproduce asexu-
ally, producing monosporangia. This summarizes the 
life history of Virescentia and its alternating genera-
tions (Fig. 1) [4].

Molecular phylogenetic analyses based on single genes 
are prevalent in the Batrachospermaceae, effectively 
addressing taxonomic challenges arising from morpho-
logical similarities among various taxa. The emergence 
of high-throughput sequencing technology, along with 
the reduction in sequencing costs, has resulted in greater 
utilization of genomic, transcriptomic, and metabolomic 
studies in animals and higher plants. Histological stud-
ies on algae, particularly red algae, are limited compared 
to those on higher plants. Most studies focus on marine 
red algae, while research on freshwater red algae is still 
in its early stages [5, 6]. Nan et  al. [5] investigated the 
differential expression of photosynthesis related genes 
in Sheathia arcuata (currently as synonym of Sheathia 
longipedicellata) under different light conditions. Their 
findings indicated that the photosynthesis related path-
way was significantly up regulated in low light condi-
tions. Moreover, Nan et al. [6] examined the expression 

Fig. 1  Life history diagram of the Batrachospermales taxon
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of differentially regulated genes across various life history 
stages of Thorea hispida.

In this study, two morphologically distinct algal strains 
were collected from the same location concurrently. 
Phylogenetic analyses of the organelle genomes revealed 
that these algal strains belong to the same species, Vires-
centia guangxiensis, yet represent different life history 
stages. Furthermore, a systematic comparison of differ-
entially expressed genes in the transcriptomes of the two 
life history stages was conducted using high through-
put sequencing. This research will aid in elucidating the 
molecular mechanisms underlying the alternating life 
history of freshwater red algae and establish a crucial 
theoretical foundation for their adaptive mechanisms in 
specific habitats.

Materials and methods
Sample collection
The algal strains used in this experiment were collected by 
Fangru Nan and Qi Liu on May 15, 2024, from Leju Vil-
lage, Kunming, Yunnan Province, China (25°5′33.972″N, 
102°30′39.186″E) (Fig. S1). Initially, the algal bodies were 
observed with an OLYMPUS SZX7 microscope. Subse-
quently, ultrapure water was drawn using a rubber-tipped 
burette to eliminate surface impurities. The cleaned algae 
were then divided into four sections. The first section 
was used to observe morphological features in vivo and 
was fixed in a 4% formaldehyde solution. The second sec-
tion was cryopreserved at -80  °C for organelle genome 
sequencing. The third section was preserved in RNA 
Later for transcriptome sequencing. Finally, the fourth 
section was prepared as a specimen and deposited in the 
Shanxi University Herbarium (SXU).

Morphological observation
The initial step involved documenting the macroscopic 
morphology of the algal bodies with a digital camera 
(DP72). Subsequently, a portion of the fresh algal body 
was sampled, and its micro-morphology was photo-
graphed with a light microscope (Olympus BX-53, Olym-
pus, Japan) (Fig. 2).

Organelle genome sequencing, assembly and annotation
Initially, the -80  °C cryopreserved algal samples were 
dispatched to Beijing Novozymes Technology Corpora-
tion for high-throughput sequencing. Total DNA was 
extracted using the protocol outlined by Saunders, incor-
porating modifications suggested by Vis and Sheath [7, 
8]. The extracted DNA samples were tested for quality 
to ensure their suitability before being sequenced using 
the Illumina HiSeq 2500. Finally, quality control of the 
sequencing results was performed, including the removal 
of low-quality reads and the application of filtering 

processes to obtain high-quality clean data [9–11]. Two 
software programs, Price [12] and SPAdes v. 3.10.0 [13], 
were implemented in a Linux environment to assem-
ble the organelles using reference genome data. This 
approach enabled the researchers to obtain the complete 
structure of the organelle genome.

Subsequently, open reading frames (ORFs) were identi-
fied, and protein-coding sequences were annotated with 
the Unipro UGENA v. 40 [14]. Ribosomal RNA (rRNA) 
positions were predicted by comparing them to pub-
lished red algal relatives, while transfer RNA (tRNA) 
and transfer-messenger RNA (tmRNA) positions were 
analyzed with ARAGORN software [15]. The completed 
genome was subsequently circularly mapped using the 
OGDRAW online tool (http://​chlor​obox.​mpimp​golm.​
mpg.​de/​OGDraw.​html), and the organelle genome data 
from the algal samples were uploaded to the GenBank 
database.

Organelle genome synteny analysis
The annotated chloroplast and mitochondrial genomes 
of gametophyte SXU-YN24005 and chantransia SXU-
YN24006 were aligned in Mauve v. 2.3.1 under the 
progressive mode [16]. This software facilitated the com-
parative analysis of the genomes.

Organelle genome phylogenomic analysis
Organelle genome sequences for each Class of the Rho-
dophyte were retrieved from the GenBank database. 
After screening, 58 chloroplast genomes and 57 mito-
chondrial genomes were combined with the genomic 
data from this study to construct a genome level phyloge-
netic tree (Tables S1 and S2).

Common genes were extracted from all retrieved chlo-
roplast and mitochondrial genomes using PhyloSuite v. 
1.2.3 [17]. Shared genes were concatenated by comparing 
and trimming multigene sequences using the MAFFT v. 
7.3 [18] and the trimAl v. 1.4 [19] in PhyloSuite. Modelf-
inder [20] was subsequently used to identify the optimal 
sequence evolution model, and the Maximum Likelihood 
(ML) tree was constructed using IQ-TREE v. 1.6.8 [21].
This tree was analyzed with MrBayes v. 3.2.6 [22] to con-
struct a Bayesian inference (BI) tree. Phylogenetic analy-
ses of organelle genomes were performed.

Transcriptome sequencing and analysis
Total RNA was extracted from three gametophyte sam-
ples and three chantransia samples using the method 
established by Holmes and Bonner [23]. Prior to extrac-
tion, the samples were treated with RNA Later solution 
to prevent degradation of RNA and were subsequently 
stored at -80  °C. RNA integrity was assessed using 
1% agarose gel electrophoresis, while RNA purity was 

http://chlorobox.mpimpgolm.mpg.de/OGDraw.html
http://chlorobox.mpimpgolm.mpg.de/OGDraw.html
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determined with Nanodrop spectrophotometry. Initial 
quantification was performed using a Qubit 2.0 Fluo-
rometer, and the sample RNA concentration was sub-
sequently diluted to 1.5  ng/μL. A more precise RNA 

integrity assay was conducted using an Agilent 2100 
Bioanalyzer. The resulting mRNAs were randomly frag-
mented with divalent cations in NEB Fragmentation 
Buffer. Subsequently, the mRNA library was constructed 

Fig. 2  Morphological character of the specimens (SXU-YN24005 and SXU-YN24006) in this study. A Specimens collected the stone wall 
of the Washing Vegetable Pool in Kunming City, Yunnan Province, China; B Morphology of whole thallus of chantransia specimen (left) 
and gametophyte specimen (right), olive-green in both stages; C the habit of gametophyte thallus; D Main axis with confluent whorls containing 
spherical and unstalked carposporophytes (long arrow), one per whorl; E Cortical filament cells (long arrow); F Cortical filament cells (long 
arrow) and secondary fascicles abundant, dichotomously or trichotomously branched, covering the entire internode; G gonimoblast filaments 
with carposporangia (white long arrow); H Mature carpogonium with pedicellate trichogyne (arrow) and carpogonial branches helically twisted, 
arising from pericentral cells (long arrow); I Fertilized carpogonium with clavate trichogyne (arrow) and attached spermatatangia (long arrow); 
J Micromorphology of prostrate filament; K Monosporangia small and abundant, ovoid or sub-spherical in shape (long arrow) and Vegetative 
cylindrical, fascicles branch angles ≤ 25°(arrow); L Monosporangia branch with ovoid or sub-spherical monosporangia (long arrow); M Vegetative 
cylindrical, fascicles branch angles ≤ 25°(arrow); N–O Cells have irregular lobed chromatoplast (white long arrow)
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following the protocol outlined in the NEBNext® 
UltraTM RNA Library Prep Kit. Sequencing was per-
formed using the Illumina HiSeq 2500 platform after 
library approval. Three biological replicates were per-
formed for each gametophytic and chantransia stage of 
the algal strains, resulting in six samples for subsequent 
analyses.

Clean reads data from the transcriptome were assem-
bled using Trinity v. 2.4.0 [24], and the number of reads 
from the compared transcripts and their expression 
patterns were analyzed with Corset v. 1.05 [25]. The 
unigenes obtained through hierarchical clustering will 
undergo further analysis. To obtain comprehensive gene 
function information, gene function annotation was con-
ducted using seven databases. NR (NCBI non-redundant 
protein sequence) annotation was conducted using Dia-
mond v. 2.1.6 [26], with a set e-value threshold of 10−5. 
NCBI Blast 2.2.28 + [27] was utilized for NT annota-
tion, with an e-value threshold of 10−5. KOG (euKary-
otic Ortholog Groups) annotation was performed with 
Diamond v. 2.1.6 [26], with an e-value threshold set at 
10−3. The Swiss-Prot database, which contains manually 
annotated and revised protein sequences, also employs 
Diamond v. 2.1.6 [26] with an e-value threshold of 10−5. 
KEGG (Kyoto Encyclopedia of Genes and Genomes) 
annotations were performed using KAAS [28], with an 
e-value threshold of 10−10. GO (Gene Ontology) annota-
tion, conducted with Blast2GO v. 2.5 [29], with an e-value 
threshold of 10−6. PFAM (Protein Structure Domain 
Annotation Database) annotation was established using 
hmmscan [30, 31], in the HMMER 3.0 software package 
with an e-value set to 0.01.

Quantification of gene transcription levels and differential 
transcription analysis
In this study, the gene expression levels of six samples 
were quantified using RSEM software [32]. Subsequently, 
differential transcription analysis of the gene expres-
sion levels was performed using DESeq [33] to evalu-
ate the six samples. Based on transcriptome sequencing 
results, cluster analysis, GO enrichment analysis, and 
KEGG enrichment analysis were conducted for the dif-
ferentially expressed genes, using chantransia algal 
strains as controls for the gametophytic strains. To 
minimize false positives, padj was used to adjust the 
P-value in hypothesis testing. A significance threshold of 
|log2(FoldChange)|≥ 1 and padj ≤ 0.05 was established.

GO enrichment analysis
The Gene Ontology (GO) database provides comprehen-
sive descriptions of gene functions (http://​www.​geneo​
ntolo​gy.​org/). In this study, GO enrichment analysis was 
conducted using the GOseq method [34], which is based 

on the Wallenius non-central hypergeometric distribu-
tion. This method evaluates gene length preferences and 
calculates the probability of GO term enrichment by dif-
ferentially expressed genes with improved accuracy. The 
significance threshold for GO enrichment analysis was 
established at padj ≤ 0.05.

KEGG enrichment analysis
The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
is a comprehensive database that facilitates the system-
atic analysis of metabolic pathways, gene product func-
tions, and their associated compounds in cells (http://​
www.​genome.​jp/​kegg/) [35]. In this study, KOBAS soft-
ware [36] was utilized to analyze the KEGG functional 
enrichment of differentially expressed gene sets, follow-
ing hypergeometric distribution principles. Moreover, 
the significance threshold for KEGG pathway enrichment 
was set at padj ≤ 0.05.

Quantitative real‑time PCR (qRT‑PCR) validation
To validate the accuracy of the transcriptome results, this 
study selected one notable gene from each of the four 
significantly down-regulated pathways and confirmed 
these findings using quantitative reverse transcription 
polymerase chain reaction (qRT-PCR). Three differen-
tially expressed genes (DEGs) related to photosynthe-
sis were identified: LHCA1 (light-harvesting complex I 
chlorophyll a/b binding protein 1), psbO (photosystem II 
oxygen-evolving enhancer protein 1), and rbcS (ribulose-
bisphosphate carboxylase small chain). Furthermore, 
DEG S17e (small subunit ribosomal protein S17e) was 
identified as involved in ribosome assembly and struc-
tural maintenance. The primers for each gene examined 
in this study are detailed in Table 1. ACTB served as an 
internal reference gene to confirm the transcriptome 
results for the selected genes.

Results
Morphological characteristics and identification of algal 
strains
This study systematically examined the morphological 
characteristics of the samples, with results presented in 
Fig. 2. During the chantransia stage, the thalli displayed 

Table 1  Amplification primers used for qPCR of each gene

gene forward primer reversed primer

LHCA1 TTG​CCA​CCA​GTC​TGC​TAC​AG GCT​TGC​GGA​CAG​GTC​TAG​TT

psbO CTG​GAT​GCT​AAG​GGC​CCA​AT CAA​GAA​AGA​GGA​GCC​ACG​GT

rbcS AAC​ATA​GAG​GCC​ACC​TGC​AC TGA​GAT​TGA​CAA​CGC​CAC​CA

S17e GCC​AAG​GTG​CTT​GAG​GAG​AT GGA​CTT​CAC​CCA​GAA​CTC​CG

ACTB ACT​TGG​CCA​TCA​GGA​AGC​TC CAC​AAC​AAC​TGC​TGA​ACG​GG

http://www.geneontology.org/
http://www.geneontology.org/
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
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an olive green coloration (illustrated on the left side of 
Fig.  2B). Their structure comprised prostrate and erect 
filaments, with branching angles not exceeding 25°, 
exhibiting dense clumping characteristics. The vegetative 
cells were cylindrical and contained monosporangia with 
ovoid or subglobose ends at the branch terminus. Addi-
tionally, the distribution of chromatoplast cells showed 
laminar or irregular absences.

In the gametophyte stage, the thalli are also olive green 
(Fig.  2B, right side) and are relatively rich in gelatinous 
content, displaying an irregular branching form. The 
whorls were well developed, displaying a bulbous or 
spherical shape, and were either adjacent or separate. 
Secondary branches encompass the entire internode and 
display either dichotomous or trichotomous branching 
patterns.The cortical filaments are abundant and con-
sist of one type of cylindrical cell. The primary fascicles 
are characterized by a straight trajectory and display 
dichotomous or trichotomous branching patterns. Sper-
matangia are typically spherical or subglobose and exist 
as single or binate structures. Trichogynes are character-
ized by a club-shaped structure with long stalk. Carpo-
gonial branches arise from pericentral cells and take on 
a helically twisted configuration, embedding the carpo-
sporophyte within the whorl. Each whorl node contains a 
single carposporophyte.

Genomic characterisation of gametophyte and chantransia
The chloroplast genome measured 184,899 bp in length, 
with a GC content of 28.20% during the gametophyte 
period. A total of 235 genes were annotated in this 
genome, including 200 protein-coding genes, 31 tRNA 
genes, one tmRNA gene, and three rRNA genes. Addi-
tionally, the mitochondrial genome measured 26,867 bp 
in length and exhibited a GC content of 27.19%. A total 
of 47 genes were annotated in this genome, including 26 
protein-coding genes, 19 tRNAs, and 2 rRNAs (Fig.  3A 
and B). During the chantransia stage, the chloroplast 
genome measured 184,887 bp in length, with a guanine-
cytosine (GC) content of 28.20%. Similarly, this genome 
was annotated with 235 genes, including 200 protein-
coding genes, 31 tRNAs, 1 tmRNA, and 3 rRNAs. Addi-
tionally, the mitochondrial genome measured 27,014 bp 
in length and exhibited a GC content of 27.24%. This 
genome was annotated with 49 genes, including 26 pro-
tein-coding genes, 21 tRNAs, and 2 rRNAs (Fig. 3C and 
D).

Syntenic comparison of organelle genomes 
between gametophyte and chantransia
A comparison of organelle genome structures revealed 
a high degree of homology between the chloroplast 
and mitochondrial genomes. The chloroplast genome 

of gametophyte SXU-YN24005 measured 184,899  bp, 
while that of chantransia SXU-YN24006 was 184,887 bp. 
No significant differences were observed in genome size 
or gene number between these genomes. Additionally, 
some genes exhibited minor positional variations, differ-
ing by only a few bases. Furthermore, the mitochondrial 
genomes measured 26,867 bp and 27,014 bp, respectively; 
no significant differences were observed. However, the 
mitochondrial genome of gametophyte SXU-YN24005 
was found to lack two tRNA-Leu (tag) genes compared 
to that of the chantransia strain. In conclusion, the chlo-
roplast and mitochondrial genomes of the gametophytic 
and chantransia stages exhibited a complete covariance 
structure (Fig.  4A and B). These findings align with the 
transcriptomics study by Fangru Nan on various life his-
tory stages of Thorea hispida, demonstrating that orga-
nelle genome data from the gametophyte and chantransia 
stages are highly similar [6].

Genome phylogenomic analysis
This study investigates 39 genes from the chloroplast 
genome and 10 genes from the mitochondrial genome. 
The Cyanidiophyceae were utilized as outgroups. A phy-
logenetic tree of organelle genomes was constructed 
employing Bayesian inference and Maximum Likelihood 
methods. As depicted in Fig. 5A and B, the nodes of the 
chloroplast and mitochondrial genomes exhibited sig-
nificant support and high consistency in topology. In this 
analysis, the phylogenetic tree derived from the Bayesian 
inference served as a reference point, with support val-
ues from both methods indicated at respective positions. 
The phylogenetic tree of organelle genomes in endo-
parasites encompasses three distinct clades: Florideo-
phyceae, Bangiophyceae, and Compsopogonophyceae. 
Within Florideophyceae, four divisions are identified: 
Rhodymeniophycidae, Corallinophycidae, Nemaliophy-
cidae, and Hildenbrandiophycidae. Nemaliophycidae and 
Hildenbrandiophycidae form a unified clade, supported 
by strong support values (100/1.00, 99/1.00), suggesting 
a relatively close evolutionary relationship. In contrast, 
Nemaliophycidae and Hildenbrandiophycidae are rec-
ognized as distinct clades, also receiving high support 
values (100/1.00, 99/1.00). Additionally, Bangiophyceae 
and Compsopogonophyceae represent distinct clades 
(100/1.00, 89/1.00).

The results of this study, derived from the phylogenetic 
tree of organelle genomes, indicate that the gametophyte 
(SXU-YN24005) and chantransia (SXU-YN24006) algal 
strains collected from Kunming, Yunnan Province, are 
located within the Nemaliophycidae branch and are clus-
tered with Virescentia guangxiensis from Linfen, Shanxi 
Province. The genetic distance between their chloroplast 
genomes is 0, while the nucleotide variation ranges from 
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48 to 51 bp. The genetic distance in their mitochondrial 
genomes is 1%, along with a nucleotide variation of 80 to 
81 bp. This clustering received robust support (100/1.00). 
Hence, it can be inferred that the gametophyte (SXU-
YN24005) and chantransia (SXU-YN24006) algal strains 
exhibit a close affinity with Virescentia guangxiensis. 
Genus-level analyses revealed that this branch forms a 

sister group with Kumanoa, which clusters with a larger 
branch comprising Lympha, Sirodotia, Batrachosper-
mum, Paralemanea, and Sheathia. Collectively, these 
seven genera are classified within the Batrachospermales 
taxon. Moreover, Thorea hispida, situated at the base of 
the Nemaliophycidae branch within the Thoreales taxon 
and forming a mutualistic sister group with Batrachos-
permales, also received robust support (100/1.00).

Fig. 3  Organelle genome maps of the gametophyte and chantransia specimen of Virescentia guangxiensis. The genes inside and outside 
of the circles are transcribed in the clockwise and counterclockwise directions, respectively. Genes belonging to different functional groups are 
shown in different colors. A Chloroplast genome map of the gametophyte specimen; B Mitochondrial genome map of the gametophyte specimen; 
C Chloroplast genome map of the chantransia specimen; D Mitochondrial genome map of the chantransia specimen
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Characterisatics of transcriptome data
Following the application of RNA-seq technology, raw 
data filtering, sequencing error rate assessment, and 
GC content distribution analysis were conducted. This 
resulted in three technical replicates of gametophyte 
strains, which provided clean bases of 6.67G, 6.43G, 
and 6.74G, with corresponding GC contents of 52.01%, 
51.76%, and 51.48%. The three technical replicates of the 
chantransia strain provided clean bases of 6.39G, 6.41G, 
and 6.30G, with corresponding GC contents of 51.97%, 
52.15%, and 52.10%. The sequencing data exhibited high 
quality (Table 2).

Transcriptomic assembly of the gametophyte and 
chantransia identified a total of 56,796 unigenes. Among 
these, unigenes with lengths ranging from 300 to 400 bp 
were the most abundant, exhibiting a maximum length 
of 9045  bp, a minimum length of 301  bp, and an aver-
age length of 712 bp. The N50 value was 838 bp, whereas 
the N90 value was 348 bp (Fig. 6). A BLAST search was 
conducted to annotate unigenes using several databases, 
including NR, NT, PFAM, KOG, Swiss-Prot, KEGG, and 
GO. The highest annotation percentage was found in the 
NR database (51.61%), while the lowest was in the KOG 
database (24%) (Fig. 7A). A total of 5179 common genes 
were identified across the five databases: NR, NT, KOG, 
GO, and PFAM (Fig. 7B). Further comparative annotation 
using the NR database indicated that the species with the 
highest number of homologous genes to the gameto-
phyte and chantransia strain (Virescentia guangxiensis) 

included Chondrus crispus (9.4%), Gracilariopsis chorda 
(7.9%), Gracilaria domingensis (4.1%), Coccomyxa sp. 
(3.0%), and Phaeodactylum tricornutum (2.7%) (Fig. 7C).

The Gene Ontology (GO) annotation results were used 
to systematically classify all successfully annotated uni-
genes in this study. This resulted in the annotation of 
25,084 genes across GO terms (Fig.  8A) [37]. Of these, 
42,101 genes were categorized as Biological Processes, 
14,458 as Cellular Components, and 30,656 as Molecu-
lar Functions. Within the Biological Processes category, 
the cellular process and metabolic process collectively 
accounted for 62.5% of the genes. In the Cellular Com-
ponents category, the majority of genes (97.2%) were 
classified as either cellular anatomical entities or protein-
containing complexes. In the Molecular Functions cate-
gory, binding and catalytic activities accounted for 75.9% 
of the total genes.

A total of 13,632 genes were annotated in the KOG 
database. The four most prevalent functional categories 
are translation, ribosomal structure and biogenesis, post-
translational modification, protein turnover, chaperones, 
and general function prediction. Collectively, these cat-
egories account for 52.7% of the total entries in the data-
base (Fig. 8B).

In this study, the annotated genes were classified 
according to their involvement in KEGG metabolic 
pathways, totaling 33,022 genes distributed across 
28 pathways in seven categories (Fig.  8C). The path-
ways with the largest numbers of annotated genes are 

Fig. 4  Synteny alignment of organelle genomes between the gametophyte and chantransia stages of Virescentia guangxiensis. A Synteny 
alignment of chloroplast genomes; B Synteny alignment of mitochondrial genomes
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Fig. 5  Bayesian phylogenetic tree based on organelle genomes. The support is shown below: ML bootstrap/Bayesian posterior probabilities. 
“-” indicates that the two tree topologies at the node are inconsistent. A Bayesian phylogenetic tree based on chloroplast genome; B Bayesian 
phylogenetic trees based on mitochondrial genome
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(a) brite hierarchies, comprising 16,701 genes (50.58% 
of the total), (e) metabolism, comprising 7934 genes 
(24.03% of the total), (d) genetic information process-
ing: 5611 genes (16.99% of the total), (b) cellular pro-
cesses: 1210 genes (3.66% of the total). (f ) not included 
in a pathway or brite: 700 genes (2.12% of the total). 
(c) environmental information processing: 578 genes 
(1.75% of the total). (g) organismal systems: 288 genes 
(0.87% of the total).

Comparison of transcriptome for two life history stages
This study aimed to elucidate the transcriptional pat-
terns of specific genes in the gametophyte and chan-
transia stages of Virescentia guangxiensis (Fig.  9A and 
B). The FPKM (Fragments Per Kilobase of transcript per 
Million base pairs) method was employed to assess dis-
crepancies in expression distribution between samples. 
Figure 9A illustrates notable discrepancies in the density 
values of genes with identical expression levels between 

Table 2  Sequencing results of the transcriptome data for different life history stages of Virescentia guangxiensis 

Sample Raw reads Clean reads Raw bases Clean bases Error (%) Q20 (%) Q30 (%) GC content (%)

Gametophyte 1 22,971,168 22,226,878 6.89G 6.67G 0.01 99.07 97.18 52.01

Gametophyte 2 21,992,942 21,436,159 6.60G 6.43G 0.01 98.99 96.94 51.76

Gametophyte 3 22,958,589 22,478,874 6.89G 6.74G 0.01 98.37 95.40 51.48

Chantransia 1 21,762,510 21,286,840 6.53G 6.39G 0.01 99.12 97.35 51.97

Chantransia 2 21,885,233 21,358,560 6.57G 6.41G 0.01 99.13 97.38 52.15

Chantransia 3 21,598,846 20,999,408 6.48G 6.30G 0.01 99.20 97.59 52.10

Fig. 6  Annotated unigene-bar from clean reads of Virescentia guangxiensis 
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the gametophyte and chantransia stages. Moreover, the 
volcano plots offer a visual representation of the statis-
tical significance of differences in gene expression across 
the two life history stages. Figure  9B reveals that 2390 
up-regulated genes and 8498 down-regulated genes were 
identified in the gametophyte stage compared to the 
chantransia stage. This finding indicates notable differ-
ences in gene expression patterns between the two life 
history stages, potentially reflecting their distinct physi-
ological and ecological adaptations.

The most significantly down-regulated genes enriched 
in KEGG pathways at the gametophyte stage, com-
pared to the chantransia stage, included those involved 
in ribosome pathways. Following these were pathways 
associated with Photosynthesis—antenna proteins, 
photosynthesis, and Carbon fixation in photosynthetic 
organisms (Fig. 10). Utilizing the transcriptome database, 
a comparison of |log2(FoldChange)| and adjusted p-values 
(padj) identified three specific photosynthesis-related 
genes: LHCA1, psbO, and rbcS, as well as the gene S17e, 
which encodes the ribosomal 40S subunit protein. All 
identified genes were significantly down-regulated (Fig. 
S2). Moreover, the qRT-PCR results were consistent with 
the findings from the transcriptome sequencing. Quan-
titative comparisons of the selected four genes between 
the gametophyte and chantransia stages were conducted 
(Fig. 11).

Discussion
Both Batrachospermales and Thoreales exhibit a three-
phase alternating life history of generations, that includes 
a gametophyte stage, a carposporophyte attached to the 
gametophyte, and chantransia capable of asexual repro-
duction via monosporangia [4, 38]. Notable morpho-
logical distinctions exist between the gametophyte and 
chantransia in the Batrachospermales taxon. However, 

chantransia are morphologically similar to those in the 
genus Audouinella of the family Acrochaetiales. This 
similarity may cause confusion between the two groups, 
presenting a significant challenge for accurate taxonomic 
identification. A phylogenetic tree constructed using 
the rbcL and COI-5P genes indicated that the samples 
from this study clustered with Virescentia guangxien-
sis, achieving strong support (not shown). Subsequent 
phylogenetic analyses of the chloroplast and mitochon-
drial genomes yielded identical results, supporting the 
hypothesis that the chantransia and gametophyte strains 
from this study represent a single species, Virescentia 
guangxiensis. This study is the first to collect algal strains 
from different life history stages simultaneously at the 
same site. This study observed that chantransia strains 
were abundant on the stone wall adjacent to the spring, 
while gametophyte strains were attached to the chantran-
sia strains in lower quantities.

The genetic distance between the chloroplast and 
mitochondrial genomes was 0 in both the gametophyte 
and chantransia stages, indicating nucleotide variations 
of 9–15  bp. The chloroplast genomes of the two stages 
exhibited complete identity in gene number, with gene 
locations nearly identical and only a 12  bp difference 
in gene size. In the mitochondrial genome, gene posi-
tions were approximately the same. Nevertheless, there 
is a 147 bp size difference among these genomes. When 
compared with the chantransia strain, the mitochondrial 
genome of the gametophyte strain is lacking two tRNA-
Leu(tag) genes. In conclusion, a covariance comparison 
of organelle genomes from different life-history stages 
demonstrates substantial homology and a high degree of 
conservation in their sequences. This finding is consistent 
with previous studies [39–42]. The growing number of 
freshwater red algal samples has resulted in the identifi-
cation of additional intermediate forms. This has created 

Fig. 7  Function annotations of unigenes of Virescentia guangxiensis based on blast against diverse databases. A Numbers of unigenes annotated 
in seven databases; B Venn diagram of unigenes annotated in five databases; C Classification of species with gene homology to Virescentia 
guangxiensis based on NR annotion result



Page 12 of 17Guo et al. BMC Genomics          (2025) 26:202 

a demand for more sophisticated phylogenetic classifica-
tion methods to address the observed diversity in these 
samples. Consequently, utilizing organelle genomic and 

transcriptomic data to elucidate phylogenetic relation-
ships has emerged as a significant trend in contemporary 
research.

Fig. 8  Gene function classification based on different databases for the predicted unigenes. A Gene function classification according 
to GO assignments for the predicted Virescentia guangxiensis unigenes; B Gene function classification according to KOG assignments 
for the predicted Virescentia guangxiensis unigenes; C The biological pathways in Virescentia guangxiensis according to the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) database; a represents brite hierarchies; b represents cellular processes; c. represents environmental information 
processing; d represents genetic information processing; e represents metabolism; f represents not included in pathway or brite; g represents 
organismal systems. Number on the right margin of each bar represents of unigenes in the corresponding subcategories
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This study revealed that genes associated with pho-
tosynthesis and ribosomes experienced a significant 
decline in expression during the gametophyte stage com-
pared to the chantransia stage. This finding contradicts 

observations made by Fangru Nan in her study of vari-
ous life-history stages of Thorea hispida [6]. Samples of 
the gametophyte and chantransia from Thorea hispida 
were collected at different times (April 9 and June 18). 

Fig. 9  Different gene transcriptional patterns for the gametophyte and chantransia stages of Virescentia guangxiensis. A FPKM (Fragments Per 
Kilobase per Million mapped reads) density distribution for the gametophyte and chantransia stages of Virescentia guangxiensis; B Volcanoplot 
showing the up and down regulated genes for the gametophyte and chantransia stages of Virescentia guangxiensis 

Fig. 10  Enriched KEGG pathway for down regulated genes for the gametophyte and chantransia stages of Virescentia guangxiensis 
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Furthermore, samples of Thorea hispida were exposed to 
natural light, while samples in this study were collected 
from a spring pool where vegetables are washed daily and 
covered by an artificial shade canopy. Consequently, the 
plants experienced more heterogeneous light conditions 
than those of Thorea hispida.

Previous studies have shown that taxa in the Batra-
chospermales typically thrive in low-light conditions, 
consistent with the habitat of the collected Virescentia 
[4, 43]. Transcriptome data indicated that gametophyte 
preferred lower light levels for growth compared to chan-
transia under identical habitat conditions, whereas chan-
transia had a relatively high photosynthetic capacity.

During the gametophyte stage, genes encoding the 
photosynthesis-antennal protein pathway, specifically 
LHCA1, LHCA3, LHCA4, LHCA5, LHCB1, LHCB2, 
LHCB3, LHCB4, LHCB5, and LHCB6, associated with 

the synthesis of phototropic pigment proteins in PS I, 
showed a significant decline in expression compared 
to the chantransia stage [44, 45]. The main site for oxy-
gen release during photosynthesis is PS II, which facili-
tates this process via protein complexes. In contrast, 
the expression of the cpcB gene was significantly up-
regulated. Along with the cpcA gene, it synthesizes deo-
cofactor phycocyanin, which primarily facilitates the 
biosynthesis of optically active phycobiliproteins [46]. 
Genes such as psbO, psbP, psbQ, psbR, psaF, psaK, psaL, 
and psaO exhibited a significant decline in expression 
within the photosynthetic electron transport chain dur-
ing the gametophyte stage. Among these, psbO, psbP, 
psbQ, and psbR regulate calcium and chloride ions and 
are involved in synthesizing the photosynthetic oxygen-
evolving protein complex of PS II [47, 48]. In 2007, it 
was demonstrated that the psaF gene, which encodes the 

Fig. 11  Gene expression in the gametophyte and Chantransia specimens was validated using qRT-PCR. The qRT-PCR results demonstrated 
that ‘mRNA relative quality’ is quantified as 2-△△Ct. * 0.1 level of significance; ** 0.05 level of significance; *** 0.001 level of significance; **** 0.0001 
level of significance
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systemic subunit III of PS I, is regulated by Ca2+ respon-
sive kinases and phosphatidylinositol signaling interme-
diates [49]. Furthermore, genes such as psaK, psaL, and 
psaO play a critical role in stabilizing the PS I reaction 
center, participating in electron transfer, and synergiz-
ing with LHCI [49]. The rbcL and rbcS genes, associated 
with CO2 fixation, encode the large and small subunits 
of ribulose-1,5-bisphosphate carboxylase/oxygenase, 
respectively. These enzymes are essential for catalyzing 
the reaction that fixes CO2 [50]. The expression of genes 
such as rbcL, rbcS, and rpe is significantly reduced during 
the gametophyte stage, suggesting in a reduced photo-
synthetic rate. The ribosome is the organelle responsible 
for catalyzing protein synthesis within cells. It consists of 
a small 40S subunit and a large 60S subunit [51]. Ribo-
some-related genes, such as S17e, S4e, S3Ae, L4e, LP0, 
and L40e, are significantly down-regulated during the 
gametophyte stage, while only the RPS2 gene was sig-
nificantly up-regulated. These genes are involved in ribo-
some assembly and structural maintenance, as well as 
in the initiation, elongation, and termination of protein 
synthesis. Overall, photosynthesis significantly influences 
gene expression at various life history stages [52].

Conclusions

(1)	 This study utilized phylogenetic analysis of the 
chloroplast and mitochondrial genomes to confirm 
that the sample from Leju Village, Kunming City, 
Yunnan Province, is Virescentia guangxiensis. Nota-
bly, this is the first instance in which two samples of 
the same species at different life history stages were 
collected simultaneously from the same location.

(2)	 Comparative covariance analysis revealed that the 
chloroplast and mitochondrial genomes are highly 
conserved in both gametophyte and chantransia 
stages, supporting the stability of the algal genome 
across various life history stages.

(3)	 Transcriptome sequencing revealed significant dif-
ferences in gene expression patterns between the 
two life history stages. Gene expression associated 
with photosynthesis and ribosomes was significantly 
reduced in the gametophyte stage compared to the 
chantransia stage. Under optimal low-light condi-
tions, gametophyte demonstrated a greater ability to 
adapt to low light than the chantransia stage, which 
showed a higher photosynthetic capacity. A detailed 
examination of the sampled habitats indicated that 
gametophyte strains were attached to chantransia 
strains, which were extensively distributed around 
them. We speculate that the distinct survival patterns 

of gametophytes and chantransia may influence gene 
expression. Nonetheless, the underlying mechanisms 
necessitate further investigation.
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