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INTRODUCTION

The number of organellar genomes, both plastid and 
mitochondrial, available for the Rhodophyta has been 
steadily growing, primarily due to the increased ease 

and decreased cost of high-throughput sequencing. 
The increased data available from organellar genomes 
have been valuable for phylogenetic inference at the 
higher taxonomic levels (phyla and classes) in red 
algae (Janouškovec et  al.,  2013; Lee et  al.,  2015, 
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Abstract
For the freshwater red algal order Batrachospermales, the number of plas-
tid genomes available is relatively small compared to the number of genera. 
Fully assembled plastid genomes can provide insights into plastid evolution 
and crucial data for phylogenetic reconstruction. In the present study, 18 plas-
tid genomes were generated for a total of 40 plastid genomes from 38 spe-
cies representing 18 of the 23 genera. The greatly expanded dataset allowed 
for comparison of the plastid genome structural characteristics with the other 
orders in the Nemaliophycidae and inference of the phylogenetic relation-
ships of the genera within the order. Results showed the plastid genomes had 
either one or two RNA operons, and this variation could be intrageneric. All 
plastid genomes had the chlB gene with an intron like all Nemaliophycidae 
but lacked the apcF gene present in all Nemaliophycidae. The loss of the 
pbsA gene was variable in the Batrachospermales and the Nemaliophycidae. 
Phylogenetic analysis using a 126-gene concatenated dataset produced a 
fully supported Batrachospermales. In addition, generally high support for 
the relationships among the genera resulted in the most robust phylogeny to 
date. Nevertheless, the phylogeny also highlighted that potentially more data 
will be needed to resolve the relationship among sections of Nothocladus and 
other related genera. Overall, the Batrachospermalean genera were split into 
two well-supported lineages, which had been noted in other studies using 
plastid and mitochondrial genomes. However, we lack a combination of char-
acters to distinguish these two lineages, as the morphological characters to 
describe taxa are shared between them.
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2016; Muñoz-Gómez et al., 2017; Yang et al., 2016). 
Additionally, studies at lower taxonomic levels (orders 
and families) of red algae have also advanced due 
to increased data provided by organellar genome 
sequencing (Costa et  al.,  2016; da Lemes Silva 
et al., 2025; Díaz-Tapia et al., 2019; Iha et al., 2018; 
Lee et al., 2018).

Complete plastid genome data have been used in 
an array of studies focused on phylogeny, structural 
rearrangements, and evolution of red algae (Borg 
et al.,  2023; Costa et al.,  2016; Lee et al.,  2016; San 
et al., 2025; van Beveren et al., 2022). The conserved 
structure of plastid genomes in red algae along with 
their predominantly uniparental inheritance have made 
plastids the main targets for understanding the evolu-
tionary relationships of Rhodophyta (Costa et al., 2016; 
Janouškovec et al., 2013). In addition, red algal plas-
tid genomes are particularly interesting because they 
contain the largest gene complement among all known 
plastids, are compactly organized, and are slow evolv-
ing compared with other plastid-containing lineages 
(Janouškovec et al., 2013).

Red algae have plastid genomes that vary greatly 
in size, especially in the early divergent subphyla. 
The plastid genome sizes typically range from 
150,000 nucleotides (nt) in Cyanidioschyzon merolae 
(Cyanidiophyceae) to 259,000 nt in Porphyridium sor-
didum (Porphyridiophyceae; van Beveren et al., 2022). 
Notably, some members of Proteorhodophytina 
have the largest plastid genomes sequenced to 
date, from 205,000 to 1,127,000 nt (Muñoz-Gómez 
et  al.,  2017). However, the highly morphologically di-
verse and species-rich class Florideophyceae of the 
Eurhodophytina have plastid genomes with a much 
narrower size reported range (167,000–195,000 nt; Lee 
et al., 2016; van Beveren et al., 2022).

The number of protein-coding genes in red algae 
is also the highest among algal groups (184–235; Lee 
et al., 2016; van Beveren et al., 2022). Plastid genomes of 
red algae not only have the highest gene content among 
eukaryotes with primary plastids (Archaeplastida), but 
their plastid genomes are also the most conserved 
(Janouškovec et  al.,  2013; Lee et  al.,  2016). Plastid 
genomes are highly suitable for phylogenomic stud-
ies, as they are present in multiple copies per cell, 
making sequences easily obtained from genomic 
DNA extractions. Additionally, they appear to contain 
sufficient phylogenetic signal to resolve relationships 
across various taxonomic levels (Costa et al., 2016; Iha 
et al., 2018; Muñoz-Gómez et al., 2017). Studies using 
multiple genes or phylogenomic data have shown that 
addressing individual orders of Nemaliophycidae can 
elucidate relationships within and between closely re-
lated groups (Costa et al., 2016; Díaz-Tapia et al., 2019; 
Lam et al., 2016; Paiano et al., 2017).

The strictly freshwater orders Batrachospermales, 
Thoreales, and Balbianiales are classified within 

the subclass Nemaliophycidae (Lam et  al.,  2016; 
Vis & Necchi,  2021). The order Batrachospermales 
(Rhodophyta) was previously divided into three fam-
ilies (Batrachospermaceae, Lemaneaceae, and 
Psilosiphonaceae, Pueschel & Cole,  1982; Sheath 
et  al.,  1996) but is currently treated as having a sin-
gle family, Batrachospermaceae (Entwisle et al., 2009), 
with 23 genera currently recognized (Jayalakshmi & 
John, 2023; Necchi Jr et al., 2024; Vis & Necchi, 2021). 
The Batrachospermales is the most diverse group in 
terms of number of taxa, morphology, and reproductive 
characters among the exclusively freshwater orders of 
red algae (Entwisle et al., 2009; Kumano, 2002; Lam 
et  al.,  2016; Vis & Necchi,  2021). Although the order 
has been well supported in all phylogenetic anal-
yses (Entwisle et  al.,  2009; Lam et  al.,  2016; Paiano 
et al., 2017; Vis & Necchi, 2021), the infraordinal clas-
sification is not yet well supported. Phylogenetic anal-
yses have revealed two lineages containing the same 
set of genera in single gene (Entwisle et  al.,  2009), 
multigene (Lam et al., 2016), and (most recently) in ge-
nomic analyses (da Lemes Silva et  al.,  2025; Paiano 
et al., 2017, 2018). These two lineages may have tax-
onomic significance in the infraordinal rank, potentially 
allowing for the recognition of more than one family. A 
robust phylogeny, however, and an analysis of charac-
ter evolution are needed to assess morphological fea-
tures that can be potentially applied to recognize each 
clade as a family.

Despite recent advances in the study of organellar 
genomes, plastid genome data for Batrachospermales 
remain limited. Paiano et  al.  (2017) generated seven 
plastid genomes of taxa within the order, but each was 
related distantly to the other. Two other studies pro-
duced a single plastid genome each, and there were 
a few others without publications, bringing the total to 
12 available in GenBank (Cho et  al.,  2018; Evans & 
Vis, 2020; Nan et al., 2017; Sayers et al., 2020). Crowell 
et al. (2025) recently expanded this dataset by focusing 
on seven closely related genera, demonstrating that 
whole plastid genome data can represent phylogenetic 
relationships among these taxa with high statistical 
support. In addition, genera with similar morphological 
characters were shown to be the most closely related 
(Crowell et al., 2025).

Given the well-supported phylogeny among a small 
number of genera of previous studies, a more expan-
sive approach including the majority of the genera 
in the Batrachospermales was undertaken. The re-
search goals were as follows: to document the struc-
tural characteristics of the plastid genomes in the 
Batrachospermales for comparison with the other 
red algal orders in the Nemaliophycidae and to infer 
the phylogenetic relationships of the genera using 
taxon sampling that represents a broad range of 
vegetative and reproductive morphology within the 
Batrachospermales.
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MATERIALS AND METHODS

Taxon sampling

A total of 18 plastid genomes were generated from 11 
genera including seven genera without previously pub-
lished data (Table S1). When added to previously pub-
lished data for the order, the data set included 40 plastid 
genomes for 38 species from 18 genera, including 
genera representative of the wide variety of vegetative 
and reproductive characters of the Batrachospermales 
(Table  1). Each live specimen was divided into two 
portions: (i) immediately placed in silica gel for DNA 
sequencing and (ii) preserved via liquid or pressed on 
herbarium paper and deposited in recognized herbaria 
(Thiers,  2025; Table  S1) for vouchering. Specimens 
were identified based on current diagnostic characters 
using recent taxonomic literature (Vis & Necchi, 2021). 
In addition, the morphological identifications were con-
firmed by comparing rbcL gene sequences with those 
in GenBank (Sayers et al., 2020).

DNA extraction and sequencing

Three methods for extraction and sequencing were 
used. For 11 specimens, genomic DNA (gDNA) was 
extracted using the Qiagen Magattract High Molecular 
Weight Kit (Qiagen, Hilden, Germany), following the 
manufacturer's protocol. The gDNA was quantified 
using a Qubit 2.0 fluorometer (ThermoFisher Scientific, 
Waltham, Massachusetts, United States) and the 
Quant-it dsDNA High-Sensitivity Assay kit. Quality 
checking of gDNA was conducted in a TapeStation 
4200 system (Agilent, Santa Clara, California, United 
States). Libraries were prepared with the Illumina 
DNA prep protocol, and sequencing was performed 
on an Illumina NextSeq 2000 platform (Illumina, San 
Diego, California, United States) with paired-end se-
quencing producing 2 × 150 bp reads. For Montagnia 
australis, Paludicola communis, and Virescentia viride-
americana, the tissue was ground in liquid nitrogen, 
and gDNA was extracted using the Nucleospin Plant 
II kit (Macherey–Nagel, Düren, Germany), following 
the manufacturer's protocol. The gDNA quantity and 
quality was assessed using a Qubit 3.0 fluorometer 
(ThermoFisher Scientific, Waltham, Massachusetts, 
United States). Libraries of 200–450 nt fragments were 
completed using the New England BioLabs NEBNext 
Ultra II FS DNA Library Kit following the protocol for 
inputs ≤100 ng and were sequenced using the Illumina 
MiSeq platform (Illumina, San Diego, California, 
United States) with paired-end sequences producing 2 
× 150 bp reads. For Nothocladus kraftii, N. ranulifer, N. 
theaquus, and Notohesperus serendipidus, the mate-
rial was homogenized in a bead-beater, and a modified 
CTAB extraction protocol with polyvinylpyrrolidone-10 

was utilized (Schenk et al., 2023). The gDNA quantity 
and quality were assessed using a NanoDrop ND-1000 
spectrophotometer (ThermoFisher Scientific, Waltham, 
Massachusetts, United States). Sequencing of these 
samples was completed by SeqCenter (Pittsburgh, 
Pennsylvania, United States) on the Illumina NovaSeq 
X Plus using libraries of 280 nt fragments, generat-
ing paired-end sequences of 2 × 150 bp reads with an 
Illumina DNA Prep protocol.

Plastid genome assembling and 
annotation

For 14 samples, the quality of trimmed Illumina reads was 
checked with FastQC (v0.12.1; Andrews, 2016). Illumina 
raw reads were trimmed with Trimmomatic version 0.39 
(Bolger et al., 2014) to remove adapters and low-quality 
reads, with the following parameters: ILLUMINACLIP: 
adapters.fa: 2:30:10; SLIDINGWINDOW: 4:20; MINLEN: 
36. After trimming, the clean reads were used for the 
de novo plastid genome assembly. Three assemblers 
were used depending on the species. NOVOPlasty 
version 4.3.1 (Dierckxsens et al., 2017) was used with 
the rbcL gene sequence from closely related genera 
as the seed sequence for assembly, with a k-mer size 
of 29 and an insert size of 300. GetOrganelle version 
1.5.1c (Jin et al., 2020) was run with k-mers 21, 45, 65, 
85, and 105, along with the parameters -R 100 and 
-F other_pt, using closely related plastid genomes 
as seed references. SPAdes version 3.15.5 (Nurk 
et al., 2017; Prjibelski et al., 2020) was also employed. 
The resulting scaffolds from SPAdes were sorted using 
tBLASTn (e-value: 1e-10) against a database of plastid 
genomes from the same genus or, when unavailable, 
from closely related genera within Batrachospermales, 
to identify plastid genome-related scaffolds. Plastid 
genome assemblies obtained with GetOrganelle and 
SPAdes were visualized and manually inspected using 
Bandage version 0.8.1 (Wick et al., 2015).

For Nothocladus kraftii, N. ranulifer, N. theaquus, 
and Notohesperus serendipidus, paired-end reads 
were trimmed using the trim ends function in Geneious 
Prime 2024.0.7 with default parameters, and the first 
15 million were used for a de novo assembly using 
low-sensitivity parameters in Geneious Prime 2024.0.7 
(Biomatters, www.​genei​ous.​com). The plastid genome 
of Batrachospermum gelatinosum was used as a refer-
ence to identify contigs containing plastid sequences. 
These plastid contigs were trimmed and de novo as-
sembled. To close gaps in the assembled sequence, 
contigs were extended by iteratively mapping reads 
with low sensitivity and a minimum mapping quality of 
30 until complete plastid genome sequences could be 
circularized.

For all plastid genomes, annotation was performed 
using MFannot (Beck & Lang, 2010) or Geneious Prime 

http://www.geneious.com
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2024.0.7. Annotations generated in MFannot were 
carefully reviewed and manually refined in Geneious 
Prime 2024.0.7 using the Find ORFs function. For plas-
tid genomes annotated directly in Geneious Prime, all 
rRNA and protein-coding genes were identified by ex-
tracting sequences from the published plastid genome 
of Batrachospermum gelatinosum (PX060844, Crowell 
et al., 2025). A second RNA operon, when present, was 
identified using the find repeats function in Geneious 
Prime with a minimum repeat length of 100 nt. If a sec-
ond RNA operon was present, the large single copy 
(LSC) and small single copy (SSC) regions were an-
notated. The tRNAs were identified with tRNAscan-SE 
version 2.0.7 annotator in GeSeq with default parame-
ters (Chan & Lowe, 2019). Plastid genome maps were 
generated in Geneious Prime 2024.0.7 (Biomatters, 
www.​genei​ous.​com).

To assess the plastid genome structure and gene 
content within the Batrachospermales, the plastid 
genome annotations for the 20 previously published 
plastids were reviewed and updated as needed. In 
GenBank there were plastid data available for mem-
bers of the Acrochaetiales, Balbianiales, Nemaliales, 
Palmariales, and Thoreales that could have been 
used as a comparison with the Batrachospermales. 
Representative plastid genomes from these or-
ders were also reviewed and updated for com-
parison (Table  2 and Table  S2). Synteny among 
Batrachospermales plastid genomes was investi-
gated via whole plastid genome alignment with the 
progressiveMauve algorithm version 2.4.0 (Darling 
et  al.,  2010) within Geneious Prime using automati-
cally calculated seed weights and automated calcula-
tion of locally collinear block (LCB) scores.

Phylogenomic analyses

A total of 40 Batrachospermales sequences were 
used in the phylogenetic analyses. These plastid 
genomes included two each for Kumanoa mahlacensis 
and Sheathia dispersa and one each for 38 species 
representing 18 genera. For the outgroup, the 
following plastid genomes were used: Acrochaetium 
subsecundum (MH026107), Balbiania investiens 
(MH026108), Nemalion sp. (LT622871), Palmaria 
palmata (KX284726), and Thorea hispida (KX284714; 
Table 2). We used five outgroup taxa for two reasons: 
(1) preliminary analyses indicated that using more taxa 
increased branch support, and (2) the order that is most 
closely related to the Batrachospermales is unknown, 
thus having representatives of the five other orders 
within Nemaliophycidae with data available seemed 
most appropriate.

A conservative approach was taken and only genes 
that were present in all taxa or only missing in one 
taxon were considered for phylogenetic analyses. 

Genes missing in a single taxon were retained for anal-
yses to maximize data from plastid genomes while still 
minimizing the risk of bias in the phylogenetic infer-
ence. Alignment of the individual genes was conducted 
in Geneious Prime using the MUSCLE v5.1 algorithm 
(Edgar, 2022).

Phylogenetic analyses were conducted using 
the genes that readily aligned, including 118 genes 
present in all taxa and eight genes that were pres-
ent in 44 of the 45 taxa. These 126 genes were 
concatenated using Alignment Manipulation and 
Summary (AMAS; Borowiec,  2016). The final align-
ment was 89,919 nt in length. The best-fit model, 
GTR + F + R6, was determined for the concatenated 
alignment using ModelFinder in IQ-Tree version 2.3.5 
(Kalyaanamoorthy et  al.,  2017; Minh et  al.,  2020). 
A maximum likelihood (ML) tree with 1000 ultrafast 
bootstraps (Hoang et  al.,  2018) was generated with 
the concatenated alignment partitioned by gene and 
codon in IQ-Tree 2.3.5.

Morphological character assessment

Morphological characters for the 18 genera under 
investigation in the Batrachospermales were 
compiled from the literature (Vis & Necchi, 2021, and 
references therein). Within the Batrachospermales, 
the gametophyte thallus structure; the carpogonia 
and carpogonial branch morphology and size; and the 
carposporophyte structure, size, and placement were 
considered as taxonomically important. Typically, a 
suite of these characters distinguishes the genera from 
one another.

RESULTS

DNA extraction and sequencing

Three extraction and sequencing methods were used 
to produce the plastid genomes in this study. For 
species sequenced on Illumina NextSeq 2000 plat-
form, the numbers of paired-end reads were as fol-
lows: Acarposporophycos brasiliensis (8,450,584), 
Kumanoa capensis (54,966,038), K. equisetoidea 
(13,746,414), K. procarpa (15,863,342), Nocturama 
novamundensis (22,122,012), Paludicola aquani-
gra (4,602,468), P. diamantinensis (7,988,020), 
Psilosiphon scoparius (17,193,174), Sheathia dispersa 
(17,792,160), S. involuta (19,356,674), and Torularia 
puiggariana (52,463,408). For species sequenced on 
Illumina MiSeq platform, the number of paired reads is 
as follows: Montagnia australis (14,616,660), P. com-
munis (15,265,102), and Virescentia viride-americana 
(11,111,410). For samples sequenced on an Illumina 
NovaSeq X Plus, the number of reads was as follows: 

http://www.geneious.com
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N. kraftii (105,879,318), N. ranulifer (125,797,194), 
N. theaquus (160,756,500), and Notohesperus seren-
dipidus (196,152,700).

Plastid structure and genome 
arrangement

The 18 newly sequenced plastid genomes were 
fully assembled, annotated, and mapped as circular 
molecules (Figures  S1–S18), bringing the total 
number of Batrachospermales plastid genomes to 
40. The structure for all Batrachospermales plastid 
genomes was similar in size, number of genes, and GC 
content (Table 2). The Batrachospermales differed by 
<20 kb in size, ranging from 171,682 nt in Virescentia 
viride-brasilensis to >189,825 nt in Lympha mucosa 
(mean = 184,715 ± 3519). The number of protein-
coding genes ranged from 189 in V. viride-brasilensis 
to 202 in Kumanoa equisetoidea (mean = 199 ± 3). 
Similarly, the GC content ranged from 28.1 in 
Montagnia macrospora to 31.0 in Paralemanea sp. 
(mean = 29.3 ± 0.8). The three Paralemanaea species 
had the lowest number of tRNAs (28), and V. viride-
brasilensis had the highest, with 34 (mean = 31 ± 1.3). 
Among the Batrachospermales, the presence of one or 
two RNA operons was variable across taxa (Table 2). 
Approximately half of the taxa had two RNA operons, 
while the remainder lacked this feature. In taxa with two 
RNA operons, the plastid genome had a quadripartite 
structure. Both the previously published and new plastid 
genomes of Sheathia dispersa had two RNA operons; 
both plastid genomes of Kumanoa mahlacensis had 
only one RNA operon.

Within the Batrachospermales, taxa contained ei-
ther one or two introns as well as notable patterns 
of gene presence or absence among the genera and 
species (Table 2, Table S2). For all taxa, an intron in 
the chlB gene was present (Figure  S19). An intron 
was also present in a trnM gene when that gene was 
present in the plastid genome (Figure S20). This gene 
and intron were present in seven species from four 
genera (Figure 1, Table S2). The dfr gene was absent 
from the three species of Paludicola, whereas the 
mlaE gene was missing from all sampled species of 
Montagnia (n = 2), Paludicola (n = 3), and Virescentia 
(n = 2; Figure  1, Table  S2). The pbsA gene had the 
broadest pattern of loss, missing from the mono-
specific genera Acarposporophycos, Notohesperus, 
and Psilosiphon, and in N. ranulifer and N. theaquus 
as well as all sampled species of Kumanoa (6), 
Montagnia (2), and Paludicola (3; Figure 1, Table S2). 
The hisS gene was missing from Torularia puig-
gariana, N. theaquus, and Psilosiphon scoparius 
(Figure 1, Table S2). Three local collinear blocks were 
predicted with the MAUVE algorithm for the 40 plastid 
genomes (Figure S21).

The Batrachospermalean plastid genomes and the 
eight representatives of five orders (Acrochaetiales, 
Balbianiales, Nemaliales, Palmariales, and Thoreales) 
in the subclass Nemaliophycidae were generally sim-
ilar in size and the number of protein-coding genes 
(Table 2). In terms of gene content, apcF was present 
in the other Nemaliophycidae plastid genomes but ab-
sent from the Batrachospermales (Figure 1, Table S2). 
The grx gene was only present in Acrochaetium se-
cundatum (Acrochaetiales), Balbiania investiens 
(Balbianiales), and Palmaria palmata (Palmariales; 
Table  S2). The genes ycf34, ycf35, and ycf46 were 
absent from the Batrachospermales and Bl. investiens 
(Balbianiales; Table S2). Of the three genes (dfr, pbsA, 
and mlaE) that showed a pattern among taxa in the 
Batrachospermales, dfr and mlaE were present in the 
other Nemaliophycidae taxa (Figure 1, Table S2). The 
pbsA gene was missing in Thorea hispida (Thoreales) 
and Nemalion sp., but was present in other mem-
bers of Nemaliales and Nemaliophycidae (Figure  1, 
Table S2). Either one or two introns were detected in 
all the other Nemaliophycidae plastid genomes ex-
cept Bl. investiens (Balbianiales), which had none. 
The seven plastid genomes had the same intron in 
the chlB gene as in all Batrachospermales. The trnM 
gene was present in A. secundatum (Acrochaetiales), 
Pl. palmata (Palmariales), and T. hispida (Thoreales), 
and the intron was detected in those taxa, like in the 
Batrachospermales taxa (Figure 1, Table S2).

Phylogenomics

The ML tree produced from the concatenated align-
ment recovered a fully supported Batrachospermales 
ultrafast bootstrap, bs = 100; (Figure  1). In addition, 
there was generally high support for the relationship 
among the genera. There were two well-supported 
(bs = 100) lineages: the first containing the genera 
Batrachospermum, Lemanea, Lympha, Nocturama, 
Nothocladus, Paralemanea, Sheathia, Sirodotia, 
Torularia, Tuomeya, and Volatus and the second com-
prising the genera Acarposporophycos, Kumanoa, 
Montagnia, Notohesperus, Paludicola, Psilosiphon, 
and Virescentia (Figure 1). Following the interpretation 
that any ultrafast bootstraps below 95 indicate unsup-
ported relationships (Hoang et  al.,  2018), there were 
six branches that were not well supported (bs < 95). 
The placement of Tuomeya. americana as sister to 
Batrachospermum spp. had weak support (bs = 79). 
The genera Nothocladus, Torularia, Nocturama, and 
Sheathia formed a clade, but that clade was only 
moderately supported (bs = 90). Two other relation-
ships within that clade were unsupported: Nocturama 
sister to Sheathia spp. (bs = 89) and Torularia sister to 
Nothocladus ranulifer (bs = 55; Figure  1). Among the 
genera in the second lineage, the sister relationship of 
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F I G U R E  1   Maximum likelihood phylogeny based on the concatenation of 126 plastid genes depicting relationships among genera 
in the Batrachospermales and five outgroup taxa from the Nemaliophycidae. Newly sequenced taxa in bold. Support values are ultrafast 
bootstraps (bs); most branches had 100 bs (not shown) and only those <100 bs are provided adjacent to the branch (in red). Most gene 
features that differed among taxa were added to the phylogeny; not shown are genes only present in the outgroup taxa (grx, ycf34, ycf35, 
ycf45) and the chlB gene because it was present in all taxa except Balbiania investiens. Select morphological characters were added to the 
phylogeny to illustrate characters present in both lineage 1 and 2.
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Kumanoa and Virescentia was unsupported (bs = 60), 
as well as Notohesperus serendipidus as sister to 
Paludicola, Acarposporophycos, and Psilosiphon 
(bs = 57).

Morphological characters

Within the Batrachospermales, characteristics re-
lated to the gametophyte thallus, carpogonial branch, 
carpogonium, and carposporophytes may differ-
entiate the genera but may also be shared among 
genera (Table  1). A pseudoparenchymatous gameto-
phyte thallus was present in Tuomeya, Lemanea, and 
Paralemanea from lineage 1 and Psilosiphon from 
lineage 2 of the phylogeny (Figure  1). Three genera, 
Tuomeya, Volatus (lineage 1), and Kumanoa (lineage 
2) had curled carpogonial branches. In lineage 1, pe-
dunculate carposporophytes were common, being pre-
sent in Batrachospermum, Nocturama, Sheathia, and 
Nothocladus (Sections Kraftii and Australicus) but only 
present in Montagnia from lineage 2. The character 
state of large carposporophytes was prevalent in both 
lineages: Tuomeya, Lympha, Volatus, Nothocladus 
(Sections Australicus and Theaquus), and Torularia in 
lineage 1 and Kumanoa, Virescentia, Notohesperus, 
and Paludicola in lineage 2 (Figure 1).

DISCUSSION

Plastid genome structure

Our analysis of 40 plastid genomes (including 18 newly 
sequenced) has expanded variations of members 
of the Batrachospermales for most characteristics, 
particularly plastid genome size, number of coding 
genes, and GC content, but these were all within the 
range reported for other orders of Nemaliophycidae 
(Table  2; van Beveren et  al.,  2022). It is notewor-
thy that the values for these three plastid genome 
characteristics were mostly close to the lowest 
ranges for the other orders: 171,682–189,825 in the 
Batrachospermales versus 181,215–192,960 nt in the 
other orders of Nemaliophycidae for plastid genome 
size, 189–202 versus 199–206 for coding genes, and 
28.1%–31.0% versus 29.6%–35.9% for GC content. 
These data support the pattern observed by Paiano 
et al. (2017) that Batrachospermales plastid genomes 
tend to be among the smallest and least gene-dense 
within the Florideophyceae.

The greatly expanded number of plastid genomes 
in the Batrachospermales has provided corrobo-
ration of previous observations about gene losses 
from the plastid genomes in the order and new in-
sights. Paiano et  al.  (2017) documented the lack of 
apcF in the plastid genome of eight members of the 

order, and this finding was confirmed in the current 
study with 40 plastid genomes. These researchers 
(Paiano et  al.,  2017) suggested that this lack may 
be interpreted as a gene loss or a gene transfer 
to the nucleus, or  potentially, the function was re-
placed by another type of allophycocyanin (Chang 
et  al., 2015; Glazer et  al.,  1997). The new data in-
dicate that apcF is likely lacking in the order as a 
whole, but which mechanism might be responsible 
for its lack is not clear. The gene apcF encodes the 
allophycocyanin beta subunit, a phycobilin compo-
nent of the light-harvesting proteins characteristic of 
red algae (Apt & Grossman,  1993). The hypothesis 
that a new type of allophycocyanin appeared in the 
Batrachospermales seems most likely, since a new 
type of phycocyanobilin-containing phycoerythrin was 
described for several bluish freshwater red algae spe-
cies (Glazer et al., 1997), including the “Chantransia” 
stages of members of Batrachospermales. For most 
other plastid gene losses, it is not yet possible to de-
termine if they represent true losses or transfers to 
the nucleus. In addition, for these remaining genes, 
there is little information in the literature regarding 
their functional relevance. These losses have in-
volved both members of specific gene families (e.g., 
ycf) and individual genes (e.g., grx) that play various 
roles in algal metabolism. When additional data be-
come available for the nuclear genome, a topic we 
plan to investigate, a definitive answer as to whether 
these genes have been lost or transferred may be 
determined.

Within the Batrachospermales, either one or two 
RNA operons were present in the plastid genomes. 
Most taxa in lineage 1 had two operons, and all taxa 
in lineage 2 had one. Of the three Nothocladus spe-
cies sequenced, N. kraftii had one operon whereas 
N. ranulifer and N. theaquus had two, but the phy-
logenetic relationships were not well supported. 
However, the genus Sheathia was monophyletic, and 
the number of operons differed among species, con-
firming that this trait can be variable within a genus. In 
species for which two plastid genomes were available 
(Sheathia dispersa and Kumanoa mahlacensis), both 
plastid genomes had the same number of operons, 
which suggests the presence of one or two RNA op-
erons is consistent within species, even if it varies 
among taxa.

Duplicated rRNA operons are widespread in red 
algae, having been reported in four of the seven classes 
(Lee et  al.,  2016), with Compsopogonophyceae, 
Porphyridiophyceae, and Rhodellophyceae being the 
exceptions. Within the Florideophyceae, duplicated 
rRNA operons occur in all subclasses except the 
Ahnfeltiophycidae, whereas in the Nemaliophycidae, 
they are absent only in the Thoreales and the genus 
Nemalion (Nemaliales; Table 1; Lee et al., 2016). The 
presence of single inactivated rRNA operon or partially 
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inactivated rRNA operons in some Florideophycean 
species suggests independent losses of one operon 
copy in these taxa (Lee et al., 2016).

Numerous gene features varied within the 
Batrachospermales and among the Batrachospermales 
and the five other Nemaliophycidae orders available 
for comparison. Of interest was the loss of the pbsA 
gene, which encodes a heme oxygenase enzyme 
that is activated under iron limitation (Richaud & 
Zabulon, 1997). Costa et al. (2016) noted its absence 
from some members of the Nemaliales, and Cho 
et al.  (2018) reported its absence in Thorea hispida 
(Thoreales) and five species of Batrachospermales. 
The present study confirmed the loss of this gene in 
all members of Kumanoa sequenced to date (six spe-
cies, seven plastid genomes); the genera Montagnia 
and Virescentia; two species of Nothocladus (N. 
ranulifer and N. theaquus); and a clade containing 
Paludicola, Acarposporophycos, Notohesperus, and 
Psilosiphon. Cho et al.  (2018) hypothesized that ab-
sence of this gene may be linked to freshwater hab-
itats in which iron is not limited, and therefore, the 
gene may be redundant or unnecessary. With many 
more plastid genomes now available, it appears to be 
more difficult to link the absence to freshwater habi-
tats, as the absence of the gene has occurred in about 
half of the Batrachospermales sequenced to date and 
was present in the freshwater Balbiania investiens 
(Balbianiales). A trnM with an intron was present in the 
Batrachospermalean Nocturama novamundensis; in 
some species of Kumanoa and Paludicola; and in the 
representatives of the Thoreales, Acrochaetiales, and 
Palmariales. The functional role and the importance 
of its presence or absence are not clear at this stage.

Phylogeny

The current study has produced the most robust 
phylogeny of the Batrachospermales to date. 
Represented on the tree are 18 of the 23 genera 
currently recognized in the order (Vis & Necchi, 2021). 
In previous studies, genera were supported as 
monophyletic, but the relationships among the genera 
often had low support and could vary depending on 
genes and taxa sampled (Entwisle et al., 2009; Vis & 
Necchi, 2021).

Although most branches across the phylog-
eny were highly supported, Tuomeya as sister to 
Batrachospermum received low support. The rela-
tionship of this genus to others has been difficult to 
determine. Recently, da Lemes Silva et  al.  (2025)—
using mitochondrial genomes—showed it as sister to 
the clade of Sirodotia, Lympha, and Volatus but with 
no support. Crowell et  al.  (2025) observed the same 
placement with higher support. The relationships of 
the monospecific genus Tuomeya may continue to be 

difficult to resolve, as there are no other species to add 
to the data set. Nevertheless, incorporating mitochon-
drial or nuclear genome data alongside plastid genome 
data in analyses could provide additional insights into 
the placement of Tuomeya within the order and improve 
support for other currently unsupported branches.

The Australasian genus Nothocladus is currently 
divided into four morphologically diverse sections 
(Entwisle et al., 2016; Vis & Necchi, 2021). The genus 
is often paraphyletic in phylogenetic analyses using 
one to many genes, especially in relation to Torularia 
(Entwisle et al., 2016; Vis & Necchi, 2021). In the cur-
rent study, three sections (Kraftii, Australicus, and 
Theaquus) were placed in a clade with Torularia, ren-
dering the genus paraphyletic. In addition, the larger 
clade containing Nocturama and Sheathia was not 
highly supported. Future research should focus on se-
quence data from Nothocladus section Nothocladus as 
well as on more species of the other sections, to clarify 
the relationships among the sections and determine if 
the sections should be elevated to genera.

Within the Batrachospermales clade, there were 
two well-supported lineages that potentially might have 
taxonomic significance. These two lineages have been 
recovered in other phylogenetic studies using one to 
multiple genes and organellar genomes (da Lemes 
Silva et al., 2025; Entwisle et al., 2016; Lam et al., 2016; 
Paiano et al., 2017, 2018). In the present study, lineage 1 
contained 11 genera, and lineage 2 has seven genera. 
The morphological characters used to describe taxa 
were shared between the two lineages. In summary, 
there is no single morphological character or combina-
tion of characters that could be applied to define each 
of these two lineages.

We were able to make comparisons in these gene 
features among the Batrachospermales, which now 
have been well sampled, with five other orders in the 
Nemaliophycidae that had representative plastid ge-
nomes. However, there are seven other orders in the 
subclass (Lam et al., 2016; Nan et al., 2017) that so far 
have no plastid genome sequenced. Therefore, more 
plastid genomes will be needed in order to describe gen-
eral gene features as well as phylogenetic inferences in 
comparison to other orders in the Nemaliophycidae.
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