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Abstract

The evolution of plant cell walls was critical for land colonization, yet its genetic basis
remains incompletely understood. Charophyte green algae are the closest relatives of
land plants and provide key insights into the origins of cell wall biosynthesis. Here,
we conducted a genome-wide analysis of the CesA/Csl superfamily in the charophyte
alga Chara braunii to investigate the evolutionary origins of plant cell wall formation.
Thirty genes were identified and classified into three major clades: CesA, CslA, and
CslC. CesA genes were exclusively associated with primary cell wall lineages, with no
homologs of secondary wall-specific CesA4/CesA7/CesAS8, indicating an early origin of
cellulose biosynthesis followed by later functional specialization. In contrast, Cs! genes were
restricted to the CsIA and CsIC subfamilies, suggesting that diversification of hemicellulose
biosynthesis occurred after the divergence of charophytes and land plants. Expression
and promoter analyses revealed clade-specific regulatory patterns and stress-responsive
expression, and the quantitative RT-PCR validated that CesA, CslA, and CsIC genes respond
differentially to NaCl and ABA treatments, with CsIA genes strongly induced by ABA and
CslC genes preferentially by salt. Together, these findings are consistent with a stepwise
model of cell wall evolution and suggest that C. braunii may represent an important
intermediate stage in the transition to land plants.

Keywords: cellulose synthase; cellulose synthase-like; Chara braunii; charophyte; cell wall
evolution; gene family; plant terrestrialization

1. Introduction

The colonization of land by plants represents one of the most profound evolutionary
transitions in Earth’s history. It required coordinated adaptations to overcome desiccation,
increased ultraviolet radiation, and mechanical stresses imposed by gravity. Central to this
transition was the evolution of a structurally robust and chemically diverse cell wall, which
provides mechanical support, regulates cell expansion, and mediates interactions with the
environment [1]. Comparative studies have shown that many core components of land
plant cell walls, including cellulose microfibrils, mannans, xyloglucans, and pectins, were
already present in charophyte green algae, the closest extant relatives of land plants [2,3].
These findings suggest that key aspects of cell wall architecture were established before
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terrestrialization, indicating a substantial degree of evolutionary pre-adaptation. Charo-
phytes, particularly members of the Charophyceae, occupy a critical phylogenetic position
for understanding the origin of plant cell wall complexity. They exhibit morphological
and developmental features shared with land plants, including phragmoplast-mediated cy-
tokinesis and aspects of hormone signaling [4,5]. Recently available high-quality genomes
from representative streptophyte algae, including the charophycean alga Chara braunii, and
the zygnematophycean species Spirogloea muscicola and Mesotaenium endlicherianum, have
provided unprecedented opportunities to investigate the genetic basis underlying these
traits [6,7]. Despite accumulating biochemical evidence for the presence of land plant-like
polysaccharides in charophyte cell walls [3,8], the genetic mechanisms responsible for their
biosynthesis remain poorly characterized, particularly with respect to the cellulose synthase
(CesA) and cellulose synthase-like (Csl) superfamily.

The CesA/Csl superfamily constitutes the core enzymatic machinery for the biosynthe-
sis of cellulose and hemicellulose, the principal structural polysaccharides of plant cell walls.
In land plants such as Arabidopsis thaliana, CesA proteins assemble into rosette cellulose
synthase complexes responsible for cellulose microfibril formation, whereas distinct Csl
subfamilies synthesize the backbones of diverse hemicelluloses [9]. Functional studies have
demonstrated clear specialization within this superfamily: for example, CesAl, CesA3,
and CesAb6 are required for primary cell wall synthesis, while CesA4, CesA7, and CesA8
are involved in secondary cell wall formation [10]. Similarly, different Csl subfamilies
(e.g., CslA, CslC and CslD) are responsible for the synthesis of specific hemicellulose types
such as mannans, xyloglucans, and xylans [11]. The diversification of these gene families
is therefore considered a key factor underlying the increasing complexity of plant cell
walls during evolution. However, the composition, evolutionary history, and functional
differentiation of the CesA/Csl superfamily in charophytes remain largely unresolved.

Given that Chara braunii occupies a key phylogenetic position within Charophyceae
and exhibits several streptophyte features, including phragmoplast-mediated cytokinesis,
while retaining an aquatic lifestyle, it provides a valuable system for investigating the
transitional state of cell wall biosynthesis [4,6]. Here, we hypothesize that the CesA/Csl
repertoire of Chara braunii represents a transitional genomic architecture, retaining ancestral
features while lacking key innovations associated with the complex cell walls of land plants.
This leads to a central question: does C. braunii possess a fully diversified set of CesA and
Csl genes comparable to that of terrestrial plants, or does it instead exhibit a simplified
gene complement reflective of its aquatic lifestyle? To address this, we performed a com-
prehensive analysis of the CesA/Csl superfamily in C. braunii within a broad comparative
framework across Viridiplantae. Specifically, we (i) identified and classified CesA/Csl genes
in C. braunii, (ii) reconstructed their evolutionary relationships across major green plant
lineages, and (iii) integrated structural and expression analyses to assess their functional
differentiation. Our results suggest a simplified and lineage-specific gene repertoire that
comprises CesA homologs associated with primary cell wall synthesis and a restricted set
of Csl subfamilies (CsIA and CsIC), which is consistent with the view that charophytes
represent an intermediate stage in the evolution of plant cell wall biosynthetic complexity.
These findings provide new insights into the genetic innovations that underpinned plant
terrestrialization.

2. Materials and Methods
2.1. Identification and Classification of CesA/Csl Genes in C. braunii

The C. braunii genome and its annotation were obtained from the ORCAE inter-
face [6]. To identify members of the CesA/Csl superfamily, Hidden Markov Model (HMM)
searches were performed using profile HMMs downloaded from the Pfam database (ver-
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sion 35.0) [12]. The query set included the core cellulose synthase domain (PF03552) and
three Glycosyltransferase Family 2 (GT2) related domains (PF00535, PF13641 and PF13632),
which represent the key catalytic modules of the CesA/Csl superfamily as characterized in
A. thaliana. An E-value cutoff of <1 x 1072 was applied. Protein sequences containing one
or more of these four PFAM domains were retained as initial candidates. These candidates
were further screened for the plant-specific zinc-binding RING-finger domain (PF14569). A
separate search for the bacterial-type cellulose synthase domain (PF03170, BesB) served as a
negative control and yielded no significant hits, even with a very permissive E-value thresh-
old of <1.0. Incomplete, low-quality, or redundant sequences (e.g., shorter splice variants),
were manually removed. To validate the candidate genes and ensure functional relevance,
all putative proteins were queried against the NCBI non-redundant (NR) protein database
using NCBI BLASTP. online tool (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on
1 June 2026). Only hits whose top matches were annotated as “cellulose synthase” or
“cellulose synthase-like” and an E-value < 1 x 10> were retained for subsequent analysis.

To classify the identified C. braunii CesA/Csl genes and infer their evolutionary rela-
tionships with Arabidopsis homologs, a phylogenetic tree was constructed. The analysis
included the deduced protein sequences from C. braunii and the full set of CesA/Csl family
members from A. thaliana. A maximum likelihood phylogenetic tree was constructed using
MEGA 12 under the Jones-Taylor-Thornton (JTT) model, with branch support assessed by
1000 bootstrap replicates [13]. The resulting tree was visualized and annotated using the
Interactive Tree of Life (iTOL) platform [14].

2.2. Phylogenetic Analysis of CesA/Csl Gene Family Across Viridiplantae

To reconstruct the macroevolutionary history of the CesA /Csl superfamily, we se-
lected 26 species spanning eight major lineages. Three rhodophyte species (Chondrus
crispus, Porphyra umbilicalis, Cyanidioschyzon merolae 10D) were used as outgroups. The
remaining species belong to Viridiplantae, including representatives from Chlorophyta
(Volvox carteri, Chlamydomonas reinhardtii, Coccomyxa subellipsoidea C-169, Chlorella variabilis,
Micrinomonas pusilla—formerly Micromonas pusilla, Ostreococcus tauri), and streptophyte
algae including Mesostigmatophyceae (Mesostigma viride), Chlorokybophyceae (Chlorokybus
atmophyticus), Klebsormidiophyceae (Klebsormidium nitens), Charophyceae (Chara braunii),
and Zygnematophyceae (Penium margaritaceum, Mesotaenium endlicherianum, Spirogloea
muscicola), as well as bryophytes (Anthoceros agrestis, Marchantia polymorpha, Physcomitrella
patens), lycophytes (Selaginella moellendorffii), ferns (Azolla filiculoides), gymnosperms (Gne-
tum montanum, Cycas panzhihuaensis), and angiosperms (Amborella trichopoda, A. thaliana,
Oryza sativa). CesA/Csl proteins from these genomes were identified using the same HMM
search criteria as described in Section 2.1. The amino acid sequences of the 411 orthologous
genes were aligned using MAFFT v7.505 [15] with default parameters. Next, the alignments
were trimmed using trimAl v1.4 with the automated heuristic method (-automated1). A
maximum likelihood tree was then constructed in IQ-TREE 2.0 under the best-fit model
with 1000 ultrafast bootstrap replicates [16]. The final tree was visualized and annotated in
iTOL [14].

2.3. Integrated Bioinformatic Characterization of CbCesA/Csl Genes and Proteins

For all identified CbCesA/Csl genes, coding sequences (CDSs) and genomic coordinates
were extracted from the ORCAE database. The deduced protein sequences were analyzed
for key physicochemical properties using the ExXPASy-ProtParam tool (Expasy—ProtParam,
https:/ /web.expasy.org/protparam/, accessed on 1 June 2026). These properties include
molecular weight (MW), isoelectric point (pl), and grand average of hydropathy (GRAVY).
Transmembrane domains were predicted with TMHMM Server v2.0, and subcellular
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localizations were inferred using WOLF PSORT (https:/ /wolfpsort.hgc.jp/, accessed on 1
June 2026). Multiple sequence alignment of the 30 CbCesA /Csl proteins was performed
using the MAFFT v7.505 following a profile alignment strategy. Specifically, sequences
belonging to different subfamilies were aligned separately using the L-INS-i algorithm,
and the resulting sub-alignments were subsequently merged using the —merge option.
Conserved protein motifs were identified using the MEME Suite 5.0.2 with original protein
sequences, setting motif lengths between 6 and 300 residues and the maximum number of
motifs to 20 [17]. Gene structures, including exon—intron organization, were determined by
aligning genomic sequences with CDSs using Gene Structure Display Server (GSDS) [18].

2.4. Tissue-Specific Expression Analysis of CbCesA/Csl Genes by RNA-Seq

To examine the expression patterns of the identified CesA/Csl genes, we utilized
publicly available RNA-seq data from C. braunii (NCBI SRA BioProject PRINA445548) [6].
The dataset included four tissue types: whole plant, archegonia, antheridia, and zygote.
The expression levels for each gene were quantified as FPKM (Fragments Per Kilobase per
Million mapped reads) and visualized as a heatmap.

2.5. Cis-Regulatory Element Prediction in CbCesA/Csl Gene Promoters

To explore the transcriptional regulation of the CbCesA/Csl genes, we extracted the
2000 bp genomic sequences upstream of the translation start codon for each gene as puta-
tive promoter regions. These sequences were analyzed using the PlantCARE database to
identify potential cis-regulatory elements [19]. The identified elements were systematically
categorized into three major functional groups: responses to environmental stress, phyto-
hormone responses, and regulation of plant growth and development. The distribution
and abundance of these elements were visualized using MATLAB 7.12.0 (R2011a), and a
comprehensive summary of their types and sequences was compiled.

2.6. Stress-Responsive Expression Analysis of CbCesA/Csl Genes Using gRT-PCR

Chara braunii plants were collected in June 2025 from Yancheng, Jiangsu Province,
China (33°2" N, 120°3’ E). Uniformly grown plants (15-20 cm in length) were subjected
to stress treatments by incubating whole plants in solutions containing either 100 mM
NaCl or 50 uM abscisic acid (ABA), with untreated plants serving as controls. The NaCl
concentration was chosen based on previous transcriptomic evidence in C. braunii and
preliminary dose-response tests, which confirmed that this treatment induced no visible
necrosis or chlorosis over 48 h, although a slight reduction in growth rate was noted [20].
Samples were collected at 0 (pre-treatment), 6, 12, 24, and 48 h post-treatment, with
three biological replicates per time point. Total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and reverse-transcribed into cDNA using a PrimeScript
RT Reagent Kit (TaKaRa, Dalian, China) with gDNA Eraser. Gene-specific quantitative
real-time PCR (qRT-PCR) primers are listed in Table S4. Real-time PCR was performed
using a SYBR Premix ExTaq Kit (TaKaRa, Dalian, China) on a QuantStudio 5 Real-Time PCR
System (Applied Biosystems, Foster, CA, USA). The actin gene (g30919.t1) was used as the
internal reference. Relative expression levels were calculated using the 2~#4<T method [21].
Three technical replicates were run for each biological replicate.

3. Results
3.1. The CesA/Csl Superfamily in C. braunii Comprises 30 High-Confidence Members

Hidden Markov Model (HMM)-based searches were performed against the genome an-
notation using four Pfam domains, including the core cellulose synthase domain (PF03552)
and three GT2-related domains (PF00535, PF13641, PF13632). A total of 41 candidate genes
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were initially retrieved (E-value < 1 x 1073). After removing incomplete, low-quality, and
redundant sequences, and validating the remaining candidates by BLASTP against the
NCBI non-redundant database (top hits annotated as “cellulose synthase” or “cellulose
synthase-like”, E-value < 1 x 10~°), 30 high-confidence CesA/Csl genes were retained
(Table S1).

Phylogenetic analysis of these 30 proteins, together with 40 well-characterized
CesA /Csl proteins from A. thaliana, resolved three major clades (Figure 1A). Within Group I
(CesA), ten genes contained the plant-specific zinc-binding RING-finger domain (PF14569),

a characteristic feature of canonical CesA proteins. In contrast, two genes (g8591.t1 and
g45235.t1) clustered within the CesA clade but lacked this domain. The placement of
g8591.t1 within the CesA clade received bootstrap support of 85 (Figure 1A). However,
despite this placement, g8591.t1 showed highest BLASTP similarity to Arabidopsis CslD
proteins.

Plant species classification
. Rhodophyta

. Chlorophyta

. Charophyta

I:I Bryophytes

l:‘ Lycophytes

. Ferns

D Gymnosperms

D Angiosperms

CslA Tree scale: 10

Figure 1. Phylogenetic analysis of the cellulose synthase (CesA/Csl) gene superfamily. (A). Maxi-
mum likelihood tree (1000 bootstrap replicates) of CesA/Csl families from C. braunii and A. thaliana.
Branch support for g8591.t1 is 85. (B). A broader maximum likelihood tree of 411 sequences across
Viridiplantae, with branches colored by gene subfamily (CesA, CslA, CslB, CsIC, CsID, CslG) and an
outer ring indicating major plant lineages.

3.2. Phylogenomic Analysis Reveals the Emergence of CesA Genes and Restricted Csl
Diversification in Charophytes

CesA/Csl homologs were identified from 26 representative species spanning Rhodophyta,
Chlorophyta, Charophyta, Bryophytes, Lycophytes, Ferns, Gymnosperms, and An-
giosperms across Viridiplantae. A total of 411 sequences were retrieved using the
same HMM-based criteria and subjected to maximum-likelihood phylogenetic analysis
(Figure 1B). Two major evolutionary transitions were resolved. First, CesA genes were
detected exclusively in Phragmoplastophyta (Charophytes and land plants) and were
absent from Rhodophyta and Chlorophyta. This phylogenetic pattern is consistent with
the emergence of phragmoplast-mediated cell division and upright growth, suggesting
that CesA represents an early innovation associated with complex multicellularity and
cell wall reinforcement in streptophytes. Second, the Cs! gene family showed marked
expansion and diversification in land plants relative to Charophytes. Within the charophyte
genomes analyzed in this study (including C. braunii), we identified only members of the
CslA and CsIC subfamilies, whereas land plants additionally harbor CsIB, CsID, CsIE, and
CslG subfamilies (Figure 1B). No homologs of CsIB, CslE, or CslG were detected in our charo-
phyte dataset. For CsID, previous evidence has suggested its presence in some charophyte
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lineages [22]. However, we did not recover clear CsID orthologs under our phylogenetic
criteria. Notably, one gene (g8591.t1) showed marginal BLAST similarity to Arabidopsis
CsID but phylogenetically clustered within the CesA clade and lacked the characteristic
RING-finger domain, implying that it may represent an intermediate or divergent form
between CesA and CsID. The presence/absence of CsID thus likely varies across charophyte
lineages, and further sampling will be needed to fully resolve its distribution.

3.3. Structural Features of CbCesA/Csl Proteins

We further analyzed the predicted physicochemical properties, transmembrane do-
mains, subcellular localization, conserved motifs, and exon—intron organization of the
30 identified proteins (Table 1). Their lengths ranged from 234 to 1396 amino acids, with
predicted molecular weights from 25.98 to 154.25 kDa, theoretical pI values from 4.43 to
9.46, and GRAVY scores from —0.563 to —0.209. Subcellular localization prediction indi-
cated that 27 of the 30 proteins are likely targeted to the plasma membrane, consistent with
the presence of 3-14 predicted transmembrane helices. Three proteins (g8591.t1, g8157.t1,
g23083.t1) showed fewer transmembrane helices (1-3) and were predicted to localize to the
chloroplast. Phylogenetically, all CesA-group proteins clustered with the primary wall Ce-
sAs of Arabidopsis (AtCesAl, AtCesA3, AtCesA6), whereas CslA and CslC proteins grouped
with AtCslA and AtCslC, respectively (Figure 1A; Table S2). Conserved motif analysis
identified 20 motifs across the family (Figure 2A). Motifs 1 and 3 were present in nearly all
proteins, whereas motifs 2, 4, 5, and 9 were restricted to the CesA group. Gene structure
analysis revealed substantial variation in exon—intron organization, with intron numbers
ranging from 0 to 22 (Figure 2B). Eleven genes lacked introns, ten contained one intron,
and nine contained two or more introns. The two genes with the highest intron numbers
(g8592.11 and g22266.t1) both belonged to the CesA group. Multiple sequence alignment
showed that the N-terminal zinc-binding RING-finger domain (PF14569), characterized by
conserved cysteine-rich residues, was present in all CesA group proteins except g8591.t1
and g45235.t1. The canonical D,D,D,QxxRW catalytic motif was conserved across the CesA,
CslA, and CslC clades, whereas sequence variation was concentrated in residues flanking

the core motif (Figure S1).
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Figure 2. Conserved motif and gene structure analysis of the CesA/Csl family in Chara braunii.
(A). Phylogenetic tree (left) and corresponding conserved protein motifs (right) identified by MEME.
Motifs 1 and 3 are widely conserved across clades; motifs 2, 4, 5 and 9 are specific to the CesA clade.
(B). Exon-intron structures of CesA/Csl genes. Exons are indicated by red boxes and introns by lines,
with gene length scaled in base pairs.
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Table 1. Summary of key features of CesA/Csl family members in C. braunii.

Classification Gene ID TMHs igr:ﬁg;ﬂz; gr:)tein MW (kDa) pI GRAVY Exon No. {\r]l(t:on
g8591.t1 3 Chloroplast 234 25.982 4.43 —0.453 7 6
g8592.t1 3 Plasma membrane 884 99.982 519 —0.347 23 22
822266.t1 3 Plasma membrane 909 103.462 8.00 —0.328 23 22
g31305.t1 5 Plasma membrane 1155 128.622 7.23 —0.181 2 1
g31307.t1 3 Plasma membrane 725 80.402 5.94 —0.225 2 1

CesA g31308.t1 5 Plasma membrane 1135 126.340 6.28 —0.190 2 1
g31707.t1 5 Plasma membrane 1220 134.998 5.69 —0.248 2 1
g36336.t1 5 Plasma membrane 1131 123.271 8.56 —-0.172 1 0
g38962.t1 5 Plasma membrane 1132 125.718 6.89 —-0.174 2 1
g45235.t1 5 Plasma membrane 1021 112.950 6.96 —0.100 2 1
g49201.t1 5 Plasma membrane 1081 120.68 7.89 -0.177 5 4
g52173.t1 7 Plasma membrane 1106 122.533 6.52 —0.161 1 0
g420.t1 4 Plasma membrane 643 72.109 9.27 —0.070 3 2
g8151.11 4 Plasma membrane 588 66.654 7.21 0.209 1 0
g8157.t1 2 Chloroplast 432 49.277 8.96 —0.197 2 1
g8160.t1 5 Plasma membrane 672 76.106 8.29 0.176 1 0

CslA g18685.t1 14 Plasma membrane 1396 154.249 8.40 —0.024 3 2
£23083.t1 1 Chloroplast 718 79.076 4.76 —0.401 4 3
£23085.t1 5 Plasma membrane 1170 129.186 7.67 —0.563 3 2
£34790.t1 4 Plasma membrane 659 74.451 6.71 0.192 1 0
g51129.t1 5 Plasma membrane 728 82.686 8.22 —0.074 2 1
g57529.t1 7 Plasma membrane 681 77.272 8.91 0.111 1 0
g12813.t1 5 Plasma membrane 676 74.747 5.99 —0.082 1 0
g12814.t1 6 Plasma membrane 687 76.64 6.63 —0.047 2 1
£12820.t1 3 Plasma membrane 572 63.452 5.45 —0.11 1 0
g12826.t1 3 Plasma membrane 633 70.667 5.40 —0.168 2 1

CsIC g36345.t1 8 Plasma membrane 629 71.995 9.46 0.102 1 0
£36346.t1 7 Plasma membrane 755 85.865 6.56 —0.018 4 3
g36349.t1 8 Plasma membrane 635 72.567 9.37 0.145 1 0
g52197.t1 6 Plasma membrane 634 72.617 9.41 0.134 1 0

TMHs, transmembrane helices; MW, molecular weight; pl, isoelectric point; GRAVY, grand average of hydropathy.

3.4. Tissue-Specific Expression and Promoter Architecture of CbCesA/Csl Genes

To investigate the transcriptional activity of the CbCesA/Cs! genes, we first analyzed
publicly available RNA-seq data from four distinct tissue types: whole plant, archegonia,
antheridia, and zygote (Figure 3A). The 30 genes exhibited markedly distinct expression
patterns that clustered by phylogenetic clades. Among the CesA group, most genes showed
strong tissue specificity. For instance, g8592.t1 (AtCesA6-like) was predominantly expressed
in whole plant tissue, whereas g22266.t1 (AtCesA3-like) peaked in zygotes. Genes g31305.t1
(AtCesAl-like) and g31707.t1 (AtCesA3-like) showed the highest expression in antheridia,
while seven other CesA genes (AtCesA1/3-like) peaked in archegonia. Notably, genes
g8591.t1 (CesA group) and g12813.t1 (CslC group) showed no detectable transcripts in any
of the sampled tissues. In contrast, CsIA genes exhibited moderate tissue preference, with
higher expression in archegonia and zygotes. CsIC genes displayed the broadest expression
patterns, with the highest transcript abundance observed in whole plant tissue. These
clade-specific expression patterns suggest that different branches of the CesA/Csl family
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have evolved distinct developmental roles: CesA genes are more specialized for specific
reproductive structures, whereas CsIC genes may contribute to general vegetative cell wall
maintenance.
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Figure 3. Expression profiles and promoter cis-acting element analysis of the CesA/Csl gene family
in C. braunii. (A). Heat map showing tissue-specific expression patterns (whole plant, archegonia,
antheridia, zygote) of CesA, CsIA and CsIC genes. (B). Distribution of predicted cis-acting elements in
the 2 kb promoter regions of CesA/Csl genes, classified into three functional categories: environmental-
stress response, phytohormone response, and plant growth/development.

A total of 1359 cis-regulatory elements were identified in the 2000 bp upstream regions
of all 30 genes and classified into three functional categories (Figure 3B). Growth- and
development-related elements were most abundant (42.2%), followed by environmen-
tal stress-responsive (30.5%) and phytohormone-responsive (27.4%) elements. Among
stress-responsive elements, light-responsive motifs (e.g., G-box, 8.61%) were predominant,
while ABRE (ABA-responsive, 7.51%) was the most frequent hormone-related element
(Figure 4). Promoter architectures differed among clades: CesA promoters showed a
balanced distribution across categories, CsIA promoters were slightly biased toward
phytohormone-responsive elements, and Cs/C promoters were relatively enriched in stress-
responsive motifs. This clade-specific promoter composition likely contributes to the
observed differential expression patterns (Table S3).
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Figure 4. Distribution of cis-regulatory elements in the promoters of CbCesA/Csl genes. Cis-elements
identified within the 2 kb upstream regions were classified into three functional categories and are
presented as bar charts. (A). Environmental stress-responsive elements (28 types). Light-responsive
elements are marked by vertical lines. (B). Phytohormone-responsive elements (12 types). Elements
associated with salicylic acid (SA), methyl jasmonate (MeJA), gibberellin (GA), auxin (AUX), and
ABA are indicated. (C) Plant growth and development-related elements (11 types), including core
promoter elements such as CAAT-box and TATA-box. The x-axis represents the number of elements
identified per category.

3.5. Differential Expression of CbCesA/Csl Genes Under Abiotic Stress Treatments

To further characterize stress responsiveness, we selected 12 representative genes
spanning the CesA, CslA, and CsIC clades and examined their temporal expression under
two treatments: 100 mM NaCl (salt stress) and 50 uM ABA (abscisic acid, a key stress
hormone) using qRT-PCR (Figure 5). Genes could be grouped into three categories. The first
category, comprising most CesA members (g8592.t1, g22266.t1, g31305.t1, g31707.t1, and
g45235.t1), was responsive to both NaCl and ABA, albeit with different kinetics. Among
these, g31305.t1 showed a notably stronger and more persistent induction by ABA than
by NaCl, suggesting a preferential role in ABA-mediated stress signaling pathways. The
second category included the three CsIA genes (g8157.t1, g420.t1, and g23085.t1), which
responded much more strongly to ABA than to NaCl. In particular, g23085.t1 exhibited the
highest induction level among all tested genes, with a rapid and sustained increase under
ABA treatment. This pattern aligns with the enrichment of ABA-responsive elements (e.g.,
ABRE) in CslA promoters (Table S3), supporting a direct regulatory link. The third category
consisted of CsIC genes (g12814.t1, g52197.t1, and g12826.t1), which were preferentially
induced by NaCl. Among them, g12814.t1 showed the strongest and fastest salt response,
consistent with the presence of multiple stress-related cis-elements (e.g., LR, MBS, ARE)
in its promoter region. Notably, g8591.t1, which showed no detectable expression in the
RNA-seq data, remained largely unchanged under both treatments. These results suggest
that the CbCesA/Csl gene family shows different stress-responsive patterns under the tested
conditions, which are consistent with their clade-specific promoter architectures. The
differential sensitivity to NaCl and ABA suggests that hemicellulose and cellulose synthesis
in C. braunii is not a static process but is dynamically adjusted in response to abiotic stresses,
likely through hormone-mediated signaling pathways.
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Figure 5. Expression of CbCesA/Csl genes under NaCl and ABA treatments. Twelve representative
genes from the CesA, CsIA, and CsIC subfamilies were analyzed by qRT-PCR at 0-48 h after treatment
with 100 mM NaCl or 50 uM ABA. Values are mean + SE (n = 3), normalized to actin as internal
control. Asterisks indicate a significant difference between the treatment group and the control (CK)
at the same time point (* p < 0.05, ** p < 0.01). Non-significant comparisons are labeled “ns”.

4. Discussion

The transition of plants from aquatic to terrestrial environments required profound
innovations in cell wall architecture, yet the genetic and regulatory foundations underlying
these changes remain incompletely understood [23]. As the closest extant relatives of land
plants, streptophyte algae provide a critical evolutionary framework for reconstructing
the origin of plant cell wall complexity [6]. In this study, our genome-wide analysis of
the CesA/Csl superfamily in Chara braunii suggests a stepwise evolutionary trajectory for
cellulose synthase diversification in streptophytes.

The presence of primary wall-associated CesA genes in C. braunii indicates that
the ancestral framework for cellulose biosynthesis was already present in charophyte
algae before the colonization of land, whereas the absence of secondary-wall-specific
CesA4/CesA7/CesA8 orthologs in our analysis is consistent with the later emergence of
secondary wall specialization in land plants [24,25]. This pattern implies that the enzymatic
capacity for primary wall cellulose synthesis preceded the regulatory and structural inno-
vations required for mechanically reinforced secondary walls. In aquatic environments,
where buoyancy reduces the need for extensive structural reinforcement, selection pressure
on thickened secondary wall programs may have been reduced, potentially contribut-
ing to the retention of a more ancestral CesA repertoire [26,27]. Among them, g8591.t1
phylogenetically clusters within the CesA clade with 85 bootstrap supports but lacks the

https:/ /doi.org/10.3390/phycology6030081


https://doi.org/10.3390/phycology6030081

Phycology 2026, 6, 81

11 of 14

canonical RING-finger domain, and showed no detectable expression across tissues and
treatments. This combination of evidence suggests that g8591.t1 may represent a divergent
or non-functional CesA paralog, though functional validation is required. More broadly,
the presence of such atypical CesA-like variants points to early diversification of CesA
architecture, though their precise functions remain unresolved [28,29]. The later assembly
of secondary wall biosynthesis machinery likely accompanied vascular tissue evolution
and increased mechanical demands on land. In land plants, secondary wall deposition
is associated with CesA4/CesA7/CesA8 complexes and upstream NAC- and MYB-type
regulators [29,30]. Although our data do not directly test these regulatory connections in
C. braunii, the absence of secondary-wall-associated CesA orthologs and the restricted Csl
repertoire are consistent with the view that these enzymatic and regulatory components
were assembled after charophytes diverged from the land plant lineage.

The second major insight concerns the restricted Cs! repertoire in charophytes and its
implications for the evolution of hemicellulose biosynthesis. In C. braunii, we identified
only CslA (10 members) and CsIC (8 members), with no detectable homologs of CsIB, CslE,
or CslG, and no clear CsID orthologs were recovered, with the closest sequence (g8591.t1)
grouping within the CesA clade by phylogenetic and domain criteria. While the canonical
land-plant toolkit for hemicellulose biosynthesis underwent significant expansion and
functional specialization post-divergence, the capacity for complex polysaccharide synthe-
sis (e.g., xylan) possibly originated in specific charophyte lineages [31]. Importantly, this
genomic simplification does not equate to biochemical absence: xyloglucan and mannan
presence in Chara cell walls aligns with functional CsIA/CsIC genes [3,8], while xylan
detection [2,32] initially appear inconsistent with the lack of CsID homologs. Indeed, Jensen
et al. identified a xylan synthase (KfXYS1) from the charophyte Klebsormidium flaccidum that
is not a member of the CsID clade, suggesting that charophytes may synthesize xylan via
alternative enzymes independent of CsID [33]. From an evolutionary perspective, C. brau-
nii’s restricted Csl repertoire likely reflects both ancestral constraints and aquatic ecology.
Chara cell walls contain ~13% hemicellulose versus > 32% in land plant [2,34], suggesting
limited diversification in aquatic environments. In contrast, terrestrial adaptation would
have imposed increased mechanical and desiccation stresses, favoring the expansion of
Csl subfamilies and the elaboration of hemicellulose networks capable of enhancing wall
rigidity and flexibility [35]. Recent phylogenomic analyses confirm most Cs! subfamilies
(GsIB, CsID, CslE, CsIG) originated within embryophytes [1,9], supporting a model where
hemicellulose complexity arose through gene family expansion and enzymatic innovation.

A third key observation is the pronounced clade-specific expression and promoter
architectures of CbCesA/Csl genes. CesA genes predominantly expressed in reproductive
structures (archegonia, antheridia, zygotes), while CsIA genes exhibited moderate archego-
nia/zygote preference and CsIC genes showed broadest vegetative expression. This spatial
differentiation reflects clade-level regulatory partitioning in C. braunii. These expression
patterns closely correspond to distinct promoter cis-regulatory landscapes. Specifically,
CslA promoters are enriched in ABA-responsive elements (e.g., ABRE) [36], CsIC promoters
contained stress-related motifs (e.g., G-box, LTR, MBS) [37], and CesA promoters exhibit
a more balanced distribution of regulatory elements. This correspondence between pro-
moter architecture and expression patterns is consistent with transcriptional divergence
contributing to functional differentiation within the CesA/Csl family [38]. Consistent with
these predictions, qRT-PCR analyses revealed distinct clade-specific stress responses. CesA
genes responded to both NaCl and ABA treatments, CsIA genes showed strong ABA in-
duction (notably g23085.t1), and CsIC genes exhibited preferential salt stress induction
(e.g., g12814.11). These results demonstrate that cell wall biosynthesis in C. braunii is dy-
namically regulated through integrated hormonal and environmental signaling pathways.
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From an evolutionary perspective, these findings provide evidence that the regulatory
coupling between cell wall biosynthesis and stress/developmental signaling predates land
plants origins [39]. The widespread presence of light-responsive elements across promoters
suggests early integration of metabolic and environmental signals, potentially linking
energy availability to synthesis of structurally demanding cell wall components [40]. Such
pre-existing regulatory complexity likely facilitated terrestrial adaptation, enabling rapid
and coordinated remodeling under fluctuating abiotic stresses.

5. Conclusions

This study provides a comprehensive genome-wide analysis of the CesA/Csl super-
family in the charophyte alga Chara braunii. Our findings suggest that the foundational
genetic toolkit for cellulose biosynthesis was already established in charophyte algae prior
to the land colonization of plants, whereas the specialized machinery for secondary cell
wall formation likely emerged later during land plant diversification. This evolutionary
transition highlights the stepwise complexity of cell wall biosynthesis during the adapta-
tion from aquatic environments to land. Two immediate next steps are to heterologously
express these CesA/Csl genes in land plant mutants (e.g., Arabidopsis) to test their functional
complementation and to couple transcriptional dynamics with immunochemical profiling
of wall polymers to validate their enzymatic activities. Such approaches will bridge the
gap between genomic presence and biological function, illuminating the early evolution of
plant cell walls.
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