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ABSTRACT
Endogenous biological rhythms are central to temporal organization in land plants, yet their evolutionary origins in streptophyte 
algae remain unresolved. We investigated whether rhythmic morpho-physiological processes in Chara braunii are consistent 
with endogenous regulation and how continuous light intensity modulates these responses. In C. braunii, time-lapse imaging, 
pigment quantification, chlorophyll fluorescence measurements, and metabolomic profiling were conducted under continuous 
low (dim) light and continuous higher (regular) light conditions. Circadian oscillations in branchlet angle persisted under contin-
uous dim light but were attenuated under continuous regular light, whereas internodal elongation showed only limited temporal 
structure. Pigment and metabolite measurements, obtained once per day under two different continuous light conditions, re-
vealed intensity-dependent physiological adjustment, including changes in chlorophyll and carotenoid contents and altered accu-
mulation of tricarboxylic acid cycle intermediates such as malate and fumarate. Chlorophyll fluorescence parameters showed no 
detectable temporal variation under the applied sampling scheme. Comparative genomic analyses identified putative homologs 
of several canonical land-plant clock-associated components, whereas canonical TOC1 and ZTL orthologs were not detected. 
Together, these results are consistent with the presence of endogenous regulatory components governing rhythmic outputs in 
C. braunii, while highlighting irradiance as a major modulator capable of suppressing these outputs. The parallel attenuation of 
rhythmic outputs and the shift toward a stress-associated metabolic profile under higher irradiance suggest that higher irradi-
ance affects both endogenous regulatory outputs and physiological acclimation responses, although whether these processes are 
causally linked remains to be determined.

1   |   Introduction

Rhythmic movements are widespread among photosynthetic 
organisms and can arise either from endogenous oscillators 
(circadian clocks) or from direct responses to recurring 
environmental cues such as light and temperature (Durand 
et  al.  2024; Venkat and Muneer  2022). The concept that en-
dogenous rhythms persist independently of external timing 

signals was first formally proposed by Bünning  (1936). A 
defining property of circadian systems is their persistence 
under constant conditions (Lüning et al. 1997; Lüning 2001). 
Endogenously generated rhythms regulate diverse physiolog-
ical processes in plants, including organ movements, growth, 
and stomatal behavior, and are thought to help coordinate cel-
lular processes with predictable environmental fluctuations 
(Webb 2003).
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The evolutionary origin of endogenous clock-driven regulation is 
still unresolved. While complex transcriptional clock networks 
have been characterized in angiosperms (Alabadı ́ et  al.  2001; 
Cha et al. 2017; Más et al. 2003), it is still unclear when and how 
self-sustained temporal coordination emerged during the tran-
sition from aquatic algal ancestors to land plants. However, the 
loss of observable rhythmicity under continuous light does not 
imply the absence of endogenous clock function but may result 
from irradiance-dependent suppression of rhythmic outputs.

Charophytes occupy a pivotal phylogenetic position close to 
the base of land plants (Schubert, Bernhardt, et  al.  2024) and 
therefore provide a unique evolutionary window into early 
streptophyte regulation. In Characeae, light intensity strongly 
influences branchlet angle and apical growth orientation 
(Schneider et al. 2006), yet the regulatory basis of these morpho-
genetic responses remains unresolved. Previous studies have pri-
marily linked rhythmic morphogenetic outputs in charophytes 
(e.g., branchlet movements and growth-related patterning) 
to signal transduction via plant hormones, particularly auxin 
(Beilby et al. 2015; Kurtović et al. 2025; Kwiatkowska et al. 1995; 
Lazar et al. 2013). However, it remained unclear whether these 
rhythms are attributable to an endogenous, self-sustaining oscil-
lator or represent direct responses to light intensity.

Beyond morphogenesis, continuous light imposes substantial 
photophysiological and metabolic demands. Irradiance level 
alters photosynthetic efficiency, which is balanced by adjust-
ing light harvesting and photoprotection via changes in chlo-
rophyll and carotenoid pools (Nunes-Nesi et  al.  2010; Proietti 
et al. 2021). Central metabolites of the tricarboxylic acid (TCA) 
cycle and the Calvin Benson Bassham (CBB) cycle participate in 
carbon metabolism and these fluxes are sensitive to changes in 
light intensity (Flis et al. 2016). These light intensity-dependent 
acclimation processes are expected to operate independently of 
rhythmic control, yet may co-occur with changes in rhythmic 
outputs under the same light conditions. It is therefore import-
ant to assess how organisms acclimate physiologically and met-
abolically to continuous light across different irradiances.

In land plants, the metabolic state interacts bidirectionally 
with endogenous rhythmic regulation—photosynthesis-
derived sugars, for instance, entrain core clock components 
(Dodd et  al.  2015). This coupling links photosynthetic per-
formance and carbon metabolism to rhythmic regulatory 
networks. In angiosperms, robust self-sustained oscillations 
arise from interlocked transcriptional-translational feed-
back loops comprising CCA1/LHY, TOC1/PRRs, ZTL-GI-
mediated light input, and the evening complex (ELF3/ELF4/
LUX) (Alabadı ́ et  al.  2001; Cha et  al.  2017; Más et  al.  2003; 
Nusinow et  al.  2011). If comparable endogenous regulation 
operates in Characeae, it would imply the presence of func-
tional clock-associated components. Although homologs of 
several clock-related genes have been identified in bryophytes 
(Holm et al. 2010; Linde et al. 2017) and lycophytes (Wickell 
et  al.  2021), comparable evidence for streptophytes remains 
scarce, despite the availability of the fully sequenced genome of 
C. braunii C. C. Gmelin (Nishiyama et al. 2018). Consequently, 
the functional incorporation of clock-associated components 
into coordinated rhythmic and metabolic regulation in early 
streptophyte lineages remains unresolved.

In this study, we investigated oscillations in branchlet angle in 
C. braunii under a regular photoperiod and continuous light 
conditions. To test for endogenous regulation of branchlet-angle 
oscillations and to examine physiological acclimation to contin-
uous light, we formulated two hypotheses: (i) branchlet-angle 
oscillations in C. braunii are endogenously coordinated, persist 
under continuous light conditions, but are attenuated at higher 
irradiance; and (ii) continuous light at different intensities in-
duces distinct acclimation responses in pigment and metab-
olite pools that co-occur with differences in the persistence of 
branchlet-angle oscillations.

2   |   Material and Methods

2.1   |   C. braunii Germination and Vegetative 
Propagation

A unialgal culture of C. braunii C. C. Gmelin, strain NIES-1604, 
was obtained from the NIES collection (https://​mcc.​nies.​go.​jp/​). 
A semiaxenic culture was established by germinating oospores 
as described in Kurtović et al. (2025). Four-week-old thalli con-
taining mature oospores were harvested and air-dried at room 
temperature for 1 month. The thalli were then rehydrated, and 
oospores were manually extracted using microforceps. To break 
the dormancy, oospores were placed in a refrigerator at 4°C for 4 
months. Following stratification under sterile conditions, the oo-
spores were washed with 1% Tween 20, sterilized with 10% com-
mercial bleach for 8 min, and rinsed thoroughly with sterile water. 
The oospores were then sown on 0.5% plant agar (P1001; Duchefa 
Biochemie, Haarlem, the Netherlands). Germinated protone-
mata were transferred to a modified soil-sand medium (SWCN-4; 
https://​mcc.​nies.​go.​jp/​medium/​en/​swcn4.​pdf) in round-bottom 
glass tubes. For the medium, 1 cm of garden soil was added to the 
bottom of each tube and moistened with a few drops of distilled 
water. This was overlaid with 4–5 cm of silica sand, double auto-
claved and supplemented with sterile distilled water.

2.2   |   Cultivation Conditions

C. braunii cultures were precultivated for 2 weeks under aquar-
ium light (F15W/T8 AQUASTAR, Cat No. 0002224; Sylvania) 
at room temperature. All subsequent experimental treatments 
(Figure  1), including light/dark and continuous light regimes, 
were conducted in a custom-built imaging chamber equipped 
with LED strips (construction details in Supporting Information; 
Kurtović et al. 2025; Kurtović et al. 2026).

For branchlet dynamics under entrained conditions, C. braunii 
cultures were maintained under a 14-h light/10-h dark cycle 
(lights on at 5:00, lights off at 19:00). Branchlet angles were 
quantified manually during the light phase at 6:00, 12:00, and 
18:00, with 6:00 defined as the first measurement time point 
for the light/dark dataset (Figure 1, Figure 2). Due to technical 
limitations, time-lapse imaging during the dark phase was not 
feasible, as continuous monitoring would have required infrared 
or specialized low-light imaging systems.

For continuous light treatments, cultures were transferred from 
the entrained regime to continuous illumination at 18:00 (time 0; 
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Figure 1). Time-lapse imaging was conducted in the custom box 
with either continuous dim light (CDL, 15 μmol photons m−2 s−1, 
Figures  1 and 3D) or continuous regular light (CRL, 30 μmol 
photons m−2 s−1, Figures 1 and 3B) and a constant temperature of 

21.5°C. The spectral composition of both the aquarium and LED 
lighting was measured using a spectroradiometer SR9910-PC 
(Macam Photometrics Ltd., Livingstone, Scotland) equipped 
with a 4π spherical sensor and is shown in Figure S1.

FIGURE 1    |    Schematic overview of the experimental design. Chara braunii cultures were precultivated under aquarium light in a 14-h light 
(30 μmol photons m−2 s−1) /10-h dark photoperiod before transfer to a custom-built LED box. For continuous light experiments, cultures were trans-
ferred at 18:00 to either continuous dim light (CDL, 15 μmol photons m−2 s−1) or continuous regular light (CRL, 30 μmol photons m−2 s−1). After 12 h 
(T12), 36 h (T36), and 60 h (T60), pigment and metabolite samples were collected at 6:00. Day 1 (D1), Day 2 (D2), and Day 3 (D3) refer to sampling 
days following transfer to continuous light conditions. Gray arrows indicate time points at which photosynthesis measurements were performed 
(6:00, 12:00, and 18:00 on D1–D3).

FIGURE 2    |    Rhythmicity of branchlet angles in Chara braunii recorded over 72 h under a 14-h light/10-h dark photoperiod. (A) Schematic repre-
sentation of C. braunii thallus containing the first two nodes. The left drawing (shaded in yellow) shows a first node with open branchlets during the 
day, while the right drawing (shaded in gray) shows a node with closed branchlets during the night. (B) Boxplot of relative growth rates measured 
during the day and night phases across three consecutive light/dark cycles. No significant differences were detected among the groups (p > 0.05, let-
ters indicate homogeneous groups based on statistical test). Growth occurred consistently across day and night periods. (C) Branchlet angle dynamics 
of C. braunii over a 72-h period under 14-h light/10-h dark photoperiod. Branchlet angles of Chara were measured at 6:00, 12:00, and 18:00, over a 
12-h light (30 μmol photons m−2 s−1) phase (mean ± SD; n = 8 independent biological replicates). Shaded areas indicate day (yellow) and night (gray) 
phases, with time 0 corresponding to 6:00, one hour after light onset at 5:00; the light phase ends at 19:00. Individual replicates are represented in 
green dots, and the population mean ± SEM in light green shading. The dashed magenta line represents a fitted 24-h cosine model visually describing 
the rhythmic oscillation of branchlet angle. JTK_CYCLE analysis detected significant rhythmicity (p = 0.007, **p < 0.01), with a consistent midday 
peak indicating maximum branchlet opening around noon. Replicate-level JTK_CYCLE results and FDR-adjusted p values are provided in Table S4.
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2.3   |   Timelapse Imaging

Time-lapse imaging of C. braunii under continuous light was 
performed using a custom setup. Two-week-old Chara cultures 
in glass test tubes were placed in a 3D-printed stand inside a 
small open-top cardboard box (25 × 20 × 15 cm) lined with black 
fabric to reduce reflection from glass. The box was positioned 
within a cultivation chamber box to either (1) a 14-h light/10-h 

dark cycle, (2) regular, or (3) dim light intensity, and a smart-
phone aligned with a small hole in the box to capture images at 
10-min intervals over a 3-day period. The camera was stabilized 
with silver tape, and a white background was used behind the 
samples to further reduce reflections. The standard photoperiod 
experiment was started in the morning (6:00) because the imag-
ing setup requires the acquisition to begin during the daytime 
(nighttime imaging is not possible with this system). Continuous 

FIGURE 3    |     Legend on next page.
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light conditions were initiated after the completion of the pre-
ceding light period in the regular photoperiod (18:00).

2.4   |   Measurement of Opening Angle 
and Relative Growth

Time-lapse images were imported into Fiji (Version 2.9.0) as 
image sequences. For photoperiod conditions (14-h light/10-h 
dark cycle), three timepoints were selected for analysis (6:00, 
12:00, and 18:00), while under continuous light, four time-
points (6:00, 12:00, 18:00, and 24:00) were used. Eight C. braunii 
thalli were tracked in each condition. The angles between the 
branchlet tip and the basal node were measured consistently on 
the same side of each thallus using the angle measuring tool in 
ImageJ, with 90° defined as the closed (upright) position. Cell 
length was measured from time-lapse images in Fiji, and rel-
ative growth rate (RGR) was calculated between consecutive 
time points using RGR = (ln L2 − ln L1) / (t2 − t1) and expressed 
in h−1.

2.5   |   Photosynthesis Parameters

Photosynthesis parameters were measured at 6:00, 12:00, and 
20:00 on the first, second, and third day following transfer to 
continuous light (D1–D3, Figures  S3 and S4). Measurements 
were performed utilizing a pulsed-amplitude modulation 
(PAM) chlorophyll fluorometer (DUAL-PAM-100; Heinz Walz 
GmbH, Effeltrich, Germany). Prior to the measurement process, 
the organisms were subjected to a 30-min dark adaptation pe-
riod. Subsequently, photosynthesis-irradiance (PI) curves were 
generated using the following procedure. The organisms were 
transferred to a quartz cuvette with the specific culture medium. 
PI curves were constructed encompassing 17 successive actinic 
light irradiation steps (6, 15, 28, 52, 78, 107, 149, 203, 272, 357, 
455, 569, 722, 894, 1110, 1723, and 3242 μmol photons m−2 s−1). 
The duration of each irradiance was set at 30 s for the initial four 
steps and 50 s for the subsequent steps. The calculation of pho-
tosynthetic parameters was conducted utilizing the Dual PAM 
software (Version 3.21, Heinz Walz GmbH). The dark-adapted 
PSII yield (Ydark (II)) was recorded and the initial slope (α) and 
the light saturation point (Ik) were calculated by fitting the PI 
curves to the model of Eilers and Peeters (1988) with the Excel 

(Microsoft Office, LTSC Professional Plus 2021) solver add-in 
with the least squares method.

2.6   |   Pigment Analysis

Transfer to continuous light occurred at 18:00 (time 0; Figure 1), 
when the onset of the dark phase would normally have occurred. 
Until then, plants had been maintained under normal daytime 
light conditions. Pigment and metabolite samples were collected 
at 6:00 after 12 h (T12), 36 h (T36), and 60 h (T60) of continuous 
light (Figure 1). For pigment analysis, samples were frozen and 
analyzed simultaneously. Prior to measurement, the samples 
were thawed and 6 mL of N,N-dimethylformamide (DMF; Carl 
Roth GmbH, Karlsruhe, Germany) were added. The samples 
were then subjected to an incubation process in conditions of 
darkness and at a temperature of 4°C for a period of approxi-
mately 24 h. Without transferring the specimen, the remaining 
liquid was transferred into a 5 mL quartz cuvette. An absorption 
wavelength scan was then conducted using the spectrophotom-
eter DR3900 (Version 1.1, Hach Lange, Düsseldorf, Germany). 
The concentration of the extracted pigments, namely chloro-
phyll a (Chl a), chlorophyll b (Chl b), and carotenoids (Car), was 
calculated according to the equation given by Wellburn (1994).

2.7   |   Metabolite Quantification

For LC–MS/MS analysis, 50–100 mg Chara thalli were har-
vested, shock frozen in liquid nitrogen, and stored at −80°C 
until further analysis. The extraction was essentially performed 
as described by Reinholdt et  al.  (2019) with slight modifica-
tions. The samples were shock frozen a second time before the 
final lyophilization step. The dried extracts were then dissolved 
in 400 μL LC–MS grade water (Roth, Germany), shaken for 
30 min and filtered through 0.45 μm filters (Chromafil AO-45/3, 
MACHEREY-NAGEL GmbH & Co, KG; Düren; Germany). 
Four μL of the filtrate were analyzed on the ultra-high perfor-
mance liquid chromatograph (UHPLC) tandem mass spectrom-
eter LC–MS/MS-8050 system (Shimadzu) and the incorporated 
method package for primary metabolites (Version 2, Shimadzu). 
Analysis and identification of 35 compounds related to primary 
metabolism were performed as described previously (Reinholdt 
et al. 2019).

FIGURE 3    |    Branchlet angle dynamics and growth rate in Chara braunii under continuous light conditions. (A) Boxplot of relative growth rates 
of the first internodal cell under continuous regular light (CRL, 30 μmol photons m−2 s−1) conditions. No significant differences were detected among 
the groups (p > 0.05, letters indicate homogeneous groups based on a linear mixed-effects model followed by Tukey-adjusted post hoc comparisons). 
(B) Branchlet angle dynamics of C. braunii over a 60-h period under continuous regular light. Branchlet angles of Chara were measured at 6-h in-
tervals (mean ± SEM; n = 8 independent biological replicates). Thalli initially showed a closing movement followed by a transition to a semiopen, 
stable position over time. (C) Boxplot of relative growth rates of the first internodal cell under continuous dim light (CDL, 15 μmol photons m−2 s−1) 
conditions. Different letters indicate statistically significant differences. (D) Branchlet angle dynamics of C. braunii over a 60-h period under contin-
uous dim light. Branchlet angles of Chara were measured at 6-h intervals (mean ± SEM; n = 8 independent replicates). Under continuous dim light, 
branchlets show rhythmic opening and closing. (B, D) Shaded areas indicate projected subjective light (yellow) and dark (gray) phases based on the 
preceding entrainment regime. Time 0 corresponds to the end of the light phase (18:00) prior to transfer to continuous light conditions. Individual 
replicates are represented by light green dots, and the population mean ± SEM in light green shading. The dashed red line represents a best fitted 
24-h cosine curve describing the rhythmic oscillation of branchlet angle. JTK_CYCLE analysis did not detect statistically significant rhythmicity 
(p = 0.084, ns) for CRL conditions (B), while CDL conditions (D) resulted in significant rhythmicity (p = 0.00005, ***p < 0.001). Replicate-level JTK_
CYCLE results and FDR-adjusted p values are provided in Table S4.
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2.8   |   Phylogenetic Analysis

Sequences of canonical circadian-clock proteins in A. thaliana 
(Table  S3) were obtained on the Arabidopsis Information 
Resource (TAIR, Rhee et al. 2003) and used for National Center 
for Biotechnology Information (NCBI) Basic Local Alignment 
Search Tool (BLAST) search (Camacho et al. 2023) in C. braunii 
proteome (GCA_003427395.1) and in Phycocosm database 
(Grigoriev et  al.  2021) or OneKP database (Leebens-Mack 
et  al.  2019). Putative homologs were verified using a reverse 
BLAST search on TAIR. Transcriptomic datasets were used 
only as evidence of gene presence. The absence of a transcript 
was not interpreted as evidence of gene loss.

2.9   |   Data Analysis

All statistical analyses were performed in R Version 4.3.1 (R Core 
Team 2023), using the packages car, lattice (Sarkar 2008), and 
vegan (Oksanen et al. 2013). The significance threshold was de-
fined as α = 0.05. Due to limited biological replication (n = 2), 
photosynthesis data were interpreted descriptively. For pigment 
data, comparisons were conducted between light treatments 
(CRL vs. CDL) for each respective time point (T12, T36, and 
T60). For metabolite data, comparisons were made between 
time points (T12 vs. T36 and T12 vs. T60) within each light treat-
ment group (CRL and CDL).

Rhythmicity of branchlet-angle time series was assessed using 
the JTK_CYCLE algorithm (Hughes et al. 2010), a nonparamet-
ric statistical method based on the Jonckheere–Terpstra–Kendall 
test. For each dataset, the analysis was performed on the mean 
time series (averaged across all eight replicates at each time point). 
JTK_CYCLE was also applied to each replicate series individually, 
and resulting p values were corrected for multiple testing using 
the Benjamini–Hochberg false discovery rate (FDR) procedure via 
p.adjust (method = “BH”). A rhythm was considered statistically 
significant at BH-adjusted p < 0.05. To visualize the fitted rhythm, 
a cosine model of the form A·cos (2π(t − φ) / T) + C was fitted to the 
mean time series using robust nonlinear least squares optimiza-
tion (nlsLM from the minpack.lm R package; Elzhov et al. 2023). 
Replicate-level JTK_CYCLE analyses, including FDR-adjusted 
p values, are provided in Table S4.

The differences in relative growth of Chara were calculated 
over 12-h time intervals. A linear mixed-effects model was fit-
ted using the lmer() function from the lme4 package (Bates 
et al. 2015), with interval as a fixed effect and replicate as a ran-
dom effect to account for repeated measurements. The signif-
icance of the fixed effect was assessed using the Satterthwaite 
approximation for degrees of freedom provided by the lmerT-
est package. Post hoc pairwise comparisons between intervals 
were conducted using the emmeans package (Lenth  2023) 
with Tukey's honest significant difference correction for mul-
tiple testing. Statistically similar groups were assigned letters 
using compact letter display (CLD) via the multcomp package 
(Hothorn et al. 2008) and visualized on boxplots generated with 
ggplot2.

Pigment and metabolite analyses were each performed using 
six independent biological replicates per light treatment and 

sampling time. For statistical analysis, pigment and metab-
olite concentrations were log₁₀-transformed. Normality was 
assessed using the Shapiro–Wilk test, and homogeneity of 
variances using Levene's test. For pigment comparisons, CDL 
and CRL were compared separately at T12, T36, and T60 using 
Welch's two-sample t-tests. The corresponding test statistics, 
degrees of freedom, and p values are reported in Table S5. For 
each metabolite comparison, either a Student's t-test, Welch's 
t-test, or Wilcoxon rank-sum test was selected according to 
the results of the normality and variance-homogeneity assess-
ments. The specific test and corresponding p value for each 
metabolite comparison are reported in Table S6. Additionally, 
metabolite concentrations were normalized within each me-
tabolite and light treatment group to the mean value of T12, 
enabling relative comparisons across time points. Metabolites 
were grouped into amino acid and organic acid subgroups 
(Table  S1) and normalized to their respective T12 values 
(Table S2). Statistical differences between amino acid and or-
ganic acid groups within each light treatment and sampling 
time were assessed using Wilcoxon rank-sum tests with BH 
adjustment. Furthermore, fold changes (FCs) were calcu-
lated as the ratio of mean intensities at T36 or T60 relative 
to T12 and are presented on a log2 scale. Log2 transforma-
tion was applied exclusively for visualization purposes, not 
for statistical testing. To facilitate interpretation of temporal 
metabolic changes, mean normalized concentrations were 
log2-transformed, and single-metabolite heatmaps were gener-
ated based on these values. A metabolic map was constructed 
following Schweiger et al. (2014) using the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) reference pathways (Kanehisa 
and Goto 2000). Heatmaps were generated using the R pack-
age pheatmap (Kolde 2019).

Because branchlet-angle oscillations, photosynthetic parame-
ters, pigments, and metabolites were assessed using different 
sampling schedules and temporal resolutions, direct temporal 
integration across these datasets was limited. Cross-assay sim-
ilarities were therefore interpreted as treatment-associated co-
occurrence rather than as evidence of synchronous or causally 
linked responses.

Tables  S2–S6 can be found in the separate Excel file 
(Supplemental_Tables.xlsx).

Video  S1, S2, and S3 can be found in the separate video files 
(Day_X_scalebar.avi); X = 1, 2 or 3.

3   |   Results

3.1   |   Rhythmic Oscillations in Branchlet Angle 
Under Entrained Light/Dark Conditions

Light intensity was shown to affect branchlet movement in Chara 
intermedia and Chara hispida, where under high light condi-
tions, branchlets grew steeply upwards, while under lower light, 
they adopted a horizontal orientation (Schneider et  al.  2006). 
However, in young C. braunii thalli, we observed that the upper 
branchlets exhibited rhythmic movement (Figure 2A). To con-
firm this observed phenomenon, we conducted time-lapse imag-
ing over a 72-h period using young, actively growing C. braunii 
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7 of 16Plant Direct, 2026

thalli (Video S1). To determine whether the regular photoperiod 
influences growth dynamics in C. braunii, we first quantified 
the elongation rate of the first internodal cell during both day 
and night phases. Measurements taken over three consecutive 
light/dark cycles (72-h period) revealed no significant differ-
ence in relative growth rate between light and dark periods 
(Figure  2B). Thus, under the specific photoperiod and experi-
mental conditions applied here, no effect on internodal elonga-
tion rate was detected.

In addition to the characteristic spiral growth previously de-
scribed in Nitella (Green  1954), we observed a reproducible 
nutational movement of the apical branchlets over a 24-h cycle 
(Figure  2C). Specifically, branchlets exhibited a coordinated 
opening and closing motion at the top node of the growing 
axis. Branchlet angles were measured at the following three 
time points: 6:00, 12:00, and 18:00, over a 12-h light phase 
(Videos  S1–S3), with the initial start timepoint corresponding 
to 6:00.

In the morning, following light onset, branchlets remained in a 
nearly vertical position before initiating an opening movement, 
reaching angles between 130° and 180°. By the evening, approx-
imately 1 h before the dark period, the branchlets returned to 
a more vertical orientation with angles between 90° and 110°. 
Although measurements under the light/dark cycle were re-
stricted to the light phase, JTK_CYCLE detected significant 
rhythmicity in the mean branchlet-angle time series (p = 0.007). 
All eight replicate series remained significant after BH cor-
rection (Table  S4), demonstrating robust entrained rhythmic-
ity under the applied light/dark cycle. This rhythmic pattern 
contrasts with previous reports in other Chara species, where 
branchlet closure has been interpreted primarily as a protective 
response to high light stress (Schneider et al. 2015).

3.2   |   Irradiance-Dependent Modulation 
of Branchlet-Angle Oscillations Under Continuous 
Illumination

To test whether branchlet movement persists in the absence of 
an external dark phase, C. braunii thalli maintained under a 
14-h light/10-h dark photoperiod were transferred to continuous 
light conditions. Under CRL (30 μmol photons m−2 s−1) and CDL 
(15 μmol photons m−2 s−1), branchlet angles were monitored 
using the same time-lapse setup described above (Figure S2). In 
the absence of a dark phase, branchlet dynamics were observed 
continuously across the experimental period.

Internodal elongation continued under CRL; however, no sig-
nificant differences were detected between projected subjective 
day and night intervals (Figure 3A). Angle measurements were 
obtained at 6-h intervals (18:00, 0:00, 6:00, and 12:00) with time 
zero corresponding to 18:00 (Figure  1). Following transfer to 
CRL, thallus tips exhibited an initial closing movement during 
the first 24 h. Subsequently, branchlets partially reopened but 
stabilized in a semiopen state for the duration of the experi-
ment (Figure  3B). JTK_CYCLE analysis of branchlet move-
ment did not detect statistically significant circadian oscillation 
(p = 0.084); moreover, none of the replicate series remained sig-
nificant after FDR correction (Table S4).

To assess whether lower irradiances influence the persistence of 
movement dynamics, a second set of C. braunii thalli was placed 
under CDL conditions (15 μmol photons m−2 s−1), commonly 
used in circadian rhythm studies in plants (Velez-Ramirez 
et al. 2011). Under CDL, internodal elongation differed between 
projected subjective day and night intervals (Figure 3C), with the 
highest elongation rate observed during the first projected sub-
jective night following transfer. Although the absolute opening 
angles were reduced relative to those observed under entrained 
light/dark conditions, the branchlets under CDL still displayed 
sustained and significant (p = 0.00005) periodic opening and 
closing dynamics across the 60-h recording period (Figure 3D). 
However, only six out of eight replicate series remained signifi-
cant after FDR correction (Table S4).

Together, these observations indicate that branchlet-angle oscil-
lation scan persist under CDL but are strongly attenuated under 
higher continuous irradiance. In the context of our experimen-
tal design, we aimed to test whether the observed oscillations 
are regulated by an endogenous mechanism in C. braunii. The 
data are consistent with an endogenous regulatory component 
whose observable output is modulated by light intensity.

3.3   |   Continuous Light Exposure Alters Pigment 
Accumulation in C. braunii

Continuous light (approximately 110 μmol photons m−2 s−1 PAR) 
has been shown to affect pigment distribution in vascular plants 
with studies reporting local pigment loss and compensation 
mechanisms (Globig et  al.  1997). To assess the effect of con-
tinuous light exposure on pigment accumulation in C. braunii, 
thalli were transferred to either CDL (15 μmol photons m−2 s−1) 
or CRL (30 μmol photons m−2 s−1). Pigment concentrations were 
measured at three time points after transfer to continuous light, 
corresponding to 12 h (T12), 36 h (T36), and 60 h (T60; Figure 1). 
Because samples were collected only once every 24 h, at 6:00, 
these measurements reflect acclimation dynamics rather than 
potential circadian oscillations.

At T12 only, the chlorophyll a (Chl a) /chlorophyll b (Chl b) ratio 
was significantly higher in CDL-treated thalli, whereas absolute 
concentrations of Chl a, Chl b, and carotenoids (Car) did not 
differ between treatments (Figure 4A–D). After 36 h of transfer 
(T36), pigment accumulation increased markedly under CDL, 
with significantly elevated concentrations of Chl a, Chl b, and 
Car compared to CRL. At T60, pigment levels declined slightly, 
and only the Chl a/Chl b ratio remained significantly higher 
under CDL, while Chl a, Chl b, and Car concentrations no longer 
differed between treatments. These results indicate treatment-
specific differences in pigment accumulation, with the strongest 
differences in absolute pigment concentrations observed at T36.

Pigmentation in Chara species is known to respond to ir-
radiance, particularly through adjustments in Chl b and 
carotenoid levels (Maidel and Schubert  2026). Our data 
demonstrate that under continuous illumination, pigment 
pools respond dynamically to light intensity and exposure 
duration. Photosynthetic measurements, by contrast, did not 
reveal detectable temporal variation over the course of the day 
or across consecutive days within the temporal resolution of 
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our sampling (Figures S3 and S4). Because pigment samples 
were collected only once per day at 06:00, these data primar-
ily reflect changes across sampling days and are not directly 
comparable to the photosynthetic measurements with respect 
to within-day variation.

3.4   |   Metabolite Accumulation Under Continuous 
Light Differs Between Light Intensities

Metabolite profiles can be influenced by light intensity (Bulut 
et al. 2025; Jänkänpää et al. 2012) and prolonged illumination 
(Proietti et al. 2021; Velez-Ramirez et al. 2011). To investigate 
whether such responses occur in C. braunii under the present 
experimental conditions, thalli cultivated under a light/dark 
photoperiod were analyzed following transfer to continuous 
light (CDL, CRL). Metabolite concentrations were normalized 
to the respective T12 values (12 h after transfer). In total, 35 me-
tabolites associated with primary metabolism were consistently 
detected across all samples (Table S1). Under CDL, several me-
tabolites related to carbon and nitrogen metabolism showed 
increased normalized levels at T36 and T60 compared to T12, 
whereas, under CRL, changes were generally smaller in magni-
tude and more variable (Figure 5A). For visualization, metabo-
lites were also grouped into compound classes (amino acids and 
organic acids; Figure 5B). Under CDL, no significant differences 
were detected between compound classes across time points. 

Under CRL, amino acids exhibited significantly higher normal-
ized levels than organic acids at T36 and T60. These data in-
dicate that continuous illumination induces treatment-specific 
shifts in primary metabolite pools, consistent with irradiance-
dependent metabolic adjustment over time.

3.5   |   Specific Metabolites Show 
Treatment-Dependent Changes Under Continuous 
Dim and Regular Light

Specific metabolite pools showed treatment- and time-dependent 
changes under continuous illumination. Figure 6 presents log2 
FCs of selected metabolites relative to T12 (12 h after transfer) 
under CDL and CRL. Under CDL, malate, fumarate, nicotinate, 
and glutamate (GLU) showed significantly higher normalized 
levels at T36 compared to T12. In contrast, adenosine and histi-
dine (HIS) were significantly lower at T36. At 60 h after transfer 
(T60), malate, fumarate, and nicotinate remained significantly 
elevated relative to the values after 12 h of transfer (T12), and 
alanine additionally showed a significant increase.

Under CRL conditions, serine (SER), phenylalanine (PHE), and 
α-aminobutyrate were significantly increased 36 h after transfer 
relative to 12 h after transfer, while α-aminobutyrate remained 
elevated at 60 h after transfer. In contrast, pyruvate levels were 
significantly reduced at T60 (Figure 6). No significant changes 

FIGURE 4    |    Pigment concentrations and ratios in Chara braunii under continuous light conditions. C. braunii thalli were transferred to continu-
ous dim light (CDL, 15 μmol photons m−2 s−1) and continuous regular light (CRL, 30 μmol photons m−2 s−1) and sampled at 6:00 on three consecutive 
days following transfer, corresponding to 12 h (T12), 36 h (T36), and 60 h (T60). Panels show (A) Chlorophyll a (Chl a), (B) Chlorophyll b (Chl b), 
(C) Carotenoids (Car), and (D) Chl a/Chl b ratio. Data are given as boxplots with interquartile ranges (IQR; boxes), medians (horizontal lines), 
whiskers extending to the most extreme data points within 1.5 × IQR, and individual raw values (gray dots; n = 6 independent biological replicates). 
Statistical analyses were performed on log₁₀-transformed data. Asterisks indicate statistically significant differences between light treatments within 
each sampling time, assessed using Welch's two-sample t-tests (p < 0.05 and **p < 0.01); the absence of asterisks indicates no statistically significant 
difference. The corresponding test statistics, degrees of freedom, and p values are provided in Table S5.
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FIGURE 5    |     Legend on next page.
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were detected for other metabolites, including tryptophan (TRP) 
across time points. These patterns indicate treatment-specific 
shifts in individual metabolites under continuous illumination, 
consistent with irradiance-dependent metabolic adjustment.

3.6   |   Homologs of Land-Plant Clock-Associated 
Genes Are Present in C. braunii

Next, we analyzed the presence of clock-associated genes 
in C. braunii and all annotated Streptophyta algae genomes 
deposited in the Phycocosm database (Grigoriev et al. 2021). 
C. braunii contains homologs of several major land-plant 
clock-associated gene families (Figure  7), though with a re-
markably different degree of conservation compared to flow-
ering plants. The REVEILLE (RVE) family is represented by 
only one homolog with the characteristic N-terminal MYB/
SANT domain; however, it lacks the overall domain archi-
tecture characteristic of CCA1 or LHY; a similar pattern was 
observed across Streptophyta. The putative homolog identi-
fied for PSEUDO RESPONSE REGULATORs (PRRs) retains 
only the C-terminal CONSTANS, CONSTANS-like, and TOC1 
(CCT) domain and lacks the N-terminal receiver (REC) do-
main characteristic of canonical PRRs. Moreover, the Chara 
protein does not contain the B-box zinc-finger motif present 
in its closest A. thaliana homolog, CONSTANS-LIKE 16. 
Consequently, it cannot be classified as a canonical PRR or 
CO-like transcription factor. Based on its domain architec-
ture and reciprocal BLAST analyses, this protein is more ap-
propriately described as a CCT-domain protein rather than 
a true PRR or CO homolog. GIGANTEA (GI) was found 
highly conserved only in C. braunii and the other represen-
tatives of the late diverging group of Streptophyta (ZCC-
grade, Phragmoplastophyta) including the transcriptome of 
Coleochaete irregularis (Supplemental Table  S6, only gene 
presence is inferred from transcriptomic data). By contrast, 
ZEITLUPE (ZTL) emerged earlier, with homologs found also 
in Klebsormidiaceae. In C. braunii, however, no canonical ZTL 
ortholog containing both light, oxygen, or voltage (LOV) and 
Kelch-repeat domains was identified; only a Kelch-repeat/F-
box-containing member of the ADAGIO family, which rep-
resents a clade parallel to ZTL, was detected. Although an 
LOV-bearing ZTL homolog is also expressed in C. irregularis, 
no LOV-bearing ZTL-like protein was detected in C. braunii, 
where we found PHOTOTROPIN as the only LOV-domain-
containing protein. In contrast, the subunits of the evening 
complex, EARLY FLOWERING 3, 4 (ELF3 and ELF4) and 
LUX are well conserved in C. braunii. While ELF4 and LUX 

are broadly conserved among Streptophyta, ELF3 appears to 
emerge later in streptophyte evolution, with the first partial 
homologs found in Klebsormidiophyceae.

4   |   Discussion

4.1   |   Rhythmic Oscillations in Branchlet Angle 
Are Consistent With Endogenous Regulation in 
C. braunii

C. braunii exhibits rhythmic apical branchlet movements resem-
bling nyctinastic movements already described by Darwin and 
Darwin (1880). The rhythmic movement observed in this study 
was restricted to the apical whorl. Nightly closure of the apical 
branchlets may protect the meristem-like thallus tip (Schubert, 
Holzhausen, et  al.  2024) from grazing and/or epiphytic colo-
nization during periods when light-dependent defense mecha-
nisms are inactive (Berger et  al.  1995). In addition, Schneider 
et al. (2006) reported that only elongating branches responded to 
light intensity and suggested that this response may be mediated 
by blue-light receptors such as cryptochromes or phototropins. 
Under CRL, branchlet movement persisted only during the first 
projected subjective night after transfer and was no longer de-
tectable thereafter. However, rhythms that persist under CDL 
can be masked or suppressed at elevated irradiance, as shown 
for Arabidopsis, where continuous light dampens rhythmic out-
puts despite an intact clock (Niwa et  al.  2009; Velez-Ramirez 
et al. 2014). Similar light-intensity-dependent effects on rhyth-
mic outputs have been reported in marine algae. In Porphyra 
umbilicalis, circadian growth rhythmicity was disrupted under 
continuous blue light even at irradiances as low as 5 μmol pho-
tons m−2 s−1 (Lüning  2001), while in Kappaphycus alvarezii, 
rhythm amplitude and period length of photosynthetic oxy-
gen evolution varied systematically with irradiance (Granbom 
et al. 2001). In C. braunii, the attenuation of branchlet-angle os-
cillations under CRL may similarly reflect irradiance-dependent 
masking or damping of the observable rhythmic output. Under 
low irradiance (CDL), a sufficient light gradient may persist 
between the upper and lower sides of the branchlet. This gra-
dient could maintain the differential elongation proposed by 
Schneider et al.  (2006) and thereby sustain rhythmic bending. 
Under higher irradiance (CRL), however, light may penetrate 
more effectively through the chloroplast layer. As a result, the 
contrast in light availability between both sides of the branch-
let may be reduced. This loss of asymmetry could lead to more 
uniform growth and, consequently, to the disappearance of 
rhythmic movement. However, branchlet angle is a geometric 

FIGURE 5    |    Metabolite concentrations in Chara braunii under continuous light conditions. C. braunii thalli were transferred to continuous dim 
light (CDL, 15 μmol photons m−2 s−1) and continuous regular light (CRL, 30 μmol photons m−2 s−1) and sampled at 6:00 on three consecutive days fol-
lowing transfer, corresponding to 12 h (T12), 36 h (T36), and 60 h (T60). Metabolite concentrations were normalized to the respective T12 values with-
in each light treatment. T12 therefore represents the normalization baseline for both CDL and CRL. (A) Mean normalized concentration of individual 
metabolites (n = 6 individual biological replicates). (B) Mean normalized concentrations grouped by compound class (amino acids, organic acids; 
Table S1). Data are shown as box-whisker plots, with boxes representing interquartile ranges (IQR), horizontal lines indicating medians, whiskers 
extending to the most extreme data points within 1.5 × IQR, and gray dots showing individual normalized metabolite values. Asterisks indicate sig-
nificant differences between amino acid and organic acid groups within each light treatment and sampling time (Wilcoxon test; *p < 0.05, **p < 0.01, 
***p < 0.001) while the absence of asterisks indicates no statistically significant difference. Metabolite abbreviations correspond to the legend; full 
names and classifications are provided in Tables S1 and S2.
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readout that cannot distinguish growth-driven changes caused 
by differential cell elongation from reversible, turgor-driven 
changes in position. Both processes may contribute to the ob-
served oscillation.

Internodal cell growth did not show strong day-night variation 
under light–dark cycles and remained largely constant under 
CRL. However, under CDL, growth was enhanced during the 
first projected subjective night (T12) and declined with time 

(T36 and T60). Under the entrained light/dark cycle, growth 
rates did not differ between day and night, suggesting that cell 
elongation in C. braunii is not strictly light-dependent. This con-
trasts with dicotyledonous species such as Nicotiana tabacum, 
Ricinus communis, and Arabidopsis, where growth typically 
peaks at the end of the night or early in the day (Farré 2012). 
Under continuous light, this pattern persists, albeit shifted into 
subjective day phases (Poire et al. 2010; Walter et al. 2002; Walter 
and Schurr 2005; Wiese et al. 2007).

FIGURE 6    |    Metabolic pathway map showing log2 fold changes in selected metabolite levels in Chara braunii under continuous illumination. 
C. braunii thalli were transferred to continuous dim light (CDL, 15 μmol photons m−2 s−1) and sampled at 6:00 on three consecutive days following 
transfer, corresponding to 12 h (T12), 36 h (T36), and 60 h (T60). T12 represents the normalization baseline within each light treatment. Yellow indi-
cates increased metabolite levels relative to T12, while blue indicates decreased levels (mean of 6 independent biological replicates). Not all reactions 
and intermediates are shown; dashed arrows denote omitted steps. Curved arrows indicate the same process as straight arrows but are redirected for 
clarity and are marked with identical numbering. Metabolites shown in gray were not analyzed. Asterisks indicate significant differences compared 
to T12 within each condition (Wilcoxon tests, Welch's t-tests or Student's t-tests; *p < 0.05, **p < 0.01, ***p < 0.001). Absence of asterisks indicates no 
statistically significant difference relative to T12. Full metabolite names are provided in Table S1. The statistical test used for each comparison and 
the corresponding p value are provided in Table S6.
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4.2   |   Pigment Content Reflects Irradiance 
Acclimation, While Photosynthetic Parameters 
Show no Detectable Temporal Variation

In contrast to the pigment parameters, chlorophyll fluores-
cence parameters, including maximum electron transport rate 
(ETRmax), initial slope (α), light saturation point (Ik), and dark-
adapted PSII quantum yield (Ydark (II)) did not show detectable 
temporal variation across time points or days under either CDL 
or CRL (Figures S3 and S4). This absence of rhythmicity con-
trasts with observations in the red alga Kappaphycus alvarezii, 
where rhythmic cycles in oxygen evolution persist under con-
stant conditions (Granbom et al. 2001). Similarly, in Phaseolus 
vulgaris, photosynthesis and leaf movement are jointly regu-
lated by circadian rhythms (Somers 1999). However, high light 
can suppress these rhythms in Arabidopsis, consistent with 
our branchlet movement pattern and growth rate under CRL 
(Somers  1999; Velez-Ramirez et  al.  2011). In other lineages 
photosynthesis often responds directly to light rather than 
rhythmic cues, with few species exhibiting rhythmicity under 
constant light (Aros-Mualin et al. 2023). Rhythmic regulation 
of photosynthesis may thus be process-specific; for instance, 
net CO2 assimilation can fluctuate while RubisCO activation 
remains constant (Fredeen et  al.  1991). As photosynthetic 
parameters did not show detectable rhythmicity under the 
present conditions, further investigation is needed to identify 
which downstream processes in C. braunii may be subject to 
endogenous temporal control.

Our pigment data suggest that pigment synthesis may be one 
such process. While photosynthetic parameters showed no de-
tectable diel or between-day variation, pigment concentrations 
diverged after 36 h, with consistently higher levels under CDL. 
This pattern likely reflects acclimation to low light, enhancing 
light-harvesting capacity (Lichtenthaler et al. 2007). The accu-
mulation of photosynthetic pigments under CDL thus indicates 
that C. braunii actively adjusts its light-harvesting machinery in 
response to irradiance, even in the absence of a light–dark cycle.

Photoprotective responses such as xanthophyll cycling and 
nonphotochemical-quenching (NPQ), which rely on ca-
rotenoid turnover, may also be engaged under high irradi-
ance conditions (Cazzonelli  2011). Remarkably, the absolute 
concentrations of chlorophyll a, chlorophyll b, and carot-
enoids did not differ between treatments at T12, although the 
chlorophyll a/chlorophyll b ratio was already different. This 
likely reflects acclimation kinetics rather than absent regula-
tion, as salt-stress acclimation in charophytes took around 24 h 
(Heß et  al.  2023). In addition, photosynthetic and transcrip-
tomic responses in C. braunii have been reported to occur de-
layed (Heise et  al.  2024), suggesting that a 24-h window may 
be insufficient to capture full pigment reprogramming. Both 
processes became disrupted by the second projected subjective 
night in CRL. Under CDL, pigment levels declined again by T60. 
Similarly, in Phaeodactylum tricornutum, pigment-related gene 
expression is modulated by both light quality and circadian reg-
ulation (Madhuri et al. 2024), pointing to a general principle of 
light-dependent but clock-modulated pigment control in algae.

4.3   |   Metabolite Accumulation Patterns Differ 
Between Light Intensities Under Continuous 
Illumination

Metabolite profiling revealed clear treatment-specific differ-
ences in C. braunii. Under CDL, metabolite levels increased 
steadily to T60, reflecting enhanced anabolic activity and a re-
duced catabolic drain. In contrast, CRL caused only a transient 
rise followed by a decline by T60, indicating a downregulation 
of central metabolism (Figure  5). This pattern is consistent 
with irradiance-dependent metabolic adjustment as reported in 
Arabidopsis (Jänkänpää et al. 2012) and other photosynthetic 
organisms under prolonged illumination (Proietti et al. 2021). 
Continuous light disrupts starch and sugar rhythms (Haque 
et al. 2015); these differences likely reflect differential metabolic 
adjustment to light intensity in C. braunii. They may further 
indicate altered coupling between the CBB and downstream 

FIGURE 7    |    Conservation of circadian-clock players in Chara braunii and the other lineages of Streptophyta. Proteomes of fully sequenced spe-
cies in the Phycocosm database were searched by representative Arabidopsis thaliana proteins. Presence of well-conserved homologs is marked by 
dark magenta, partial or distant homologs are marked by lighter, missing are gray.
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carbon metabolism under CRL, resulting in reduced carbon 
flux into the TCA cycle and associated biosynthetic pathways. 
The persistent accumulation of amino and organic acids under 
CDL, compared with their transient increase under CRL, sug-
gests an altered carbon-nitrogen balance at higher irradiance 
(Nunes-Nesi et al. 2010; Proietti et al. 2021). Such divergence is 
consistent with altered coordination of carbon and nitrogen me-
tabolism under different irradiances (Flis et al. 2016) and mir-
rors the broader pattern by which continuous light decouples 
metabolic outputs from endogenous temporal control, a process 
already described for photosynthetic organisms such as Chara 
(Kwiatkowska et al. 1995) and higher plants (Dodd et al. 2015).

The lower malate and fumarate levels under CRL suggest al-
tered carbon metabolism under higher irradiance. The decline 
in pyruvate under CRL may thus reflect reduced glycolytic 
input into the TCA cycle or diversion into stress-related path-
ways (Hildebrandt et al. 2015; Plaxton and Podestá 2006), con-
sistent with a metabolic shift away from anabolic processes 
under higher irradiance. In parallel, increased serine and phe-
nylalanine under CRL may indicate metabolic stress responses 
(de Vries et al. 2020; Ho and Saito 2001; Rieseberg et al. 2023; 
Ros et  al.  2014). The serine rise likely results from enhanced 
glycine-to-serine conversion, a hallmark of intensified photore-
spiration (Bauwe et al. 2010; Timm and Bauwe 2013). Elevated 
α-aminobutyrate at T36 and T60 represents an additional 
treatment-specific response whose functional significance in 
C. braunii remains unresolved. Because branchlet movement 
and metabolite profiles were assessed at different temporal reso-
lutions, their temporal relationship cannot be evaluated directly. 
Nevertheless, the co-occurrence of attenuated branchlet-angle 
oscillations and a distinct metabolic profile under CRL sug-
gests that higher irradiance is associated with changes in both 
rhythmic outputs and physiological acclimation. Whether these 
two processes are causally linked or represent independent re-
sponses to the same environmental variable cannot be resolved 
from the present data, but their co-occurrence provides a frame-
work for future mechanistic investigation.

4.4   |   Clock-Associated Gene Complements in 
C. braunii Differ From Flowering Plants

Despite the importance of circadian clock genes, a detailed study 
of their evolution and function in the streptophyte lineage is still 
lacking, except for the relatively early-diverging lineage repre-
sented by Klebsormidium (Linde et al. 2017). Reconstruction of 
the origin of circadian regulatory genes is complicated by their 
modular nature, as the presence of a single domain (typically 
DNA-binding) does not provide evidence for the conservation 
of the full protein and its physiological role. This is particularly 
evident in the CCA1/LHY/RVE family, whose members are 
poorly conserved across streptophytes, with the exception of 
their MYB/SANT domain. In contrast, the TOC1/PRR family 
is relatively well conserved, except in C. braunii, where no ca-
nonical TOC1 homolog was identified. The Evening Complex 
components appear to be conserved across several streptophyte 
lineages, except for the ELF3 component, which, consistent 
with Linde et  al.  (2017), we first identified in Klebsormidium, 
along with ZTL homologs. The interaction of ZTL with GI, how-
ever, may have arisen later, as GI appears only in the ZCC grade 

(Zygnematophyceae, Coleochaophyceae, and Charophyceae). 
Whether this interaction occurs in C. braunii remains uncertain 
because only a ZTL/ADO homolog lacking the photoreceptive 
LOV domain was identified. Consequently, the light-responsive 
regulatory mechanisms in C. braunii are likely to differ from 
those characterized in flowering plants.

5   |   Conclusions

Our findings demonstrate that C. braunii exhibits circadian os-
cillations in branchlet angle that persist under low-irradiance 
continuous light but are attenuated at higher irradiance. 
Internodal growth showed more limited temporal structure 
under the applied conditions. This light-intensity-dependent 
modulation is consistent with the operation of an endogenous 
regulatory component. Pigment content and metabolite pro-
files reflected irradiance-dependent acclimation over time, 
including transiently higher pigment concentrations and in-
creased levels of selected TCA-cycle intermediates under CDL. 
These findings provide a basis for future studies investigating 
whether these parameters are additionally subject to temporal 
regulation. The identification of several clock-associated gene 
families in C. braunii, albeit with incomplete conservation 
relative to flowering plants, provides a molecular framework 
for functional experiments aimed at resolving whether these 
components contribute to the observed rhythmic outputs and 
their attenuation under higher irradiance.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Spectral composition of 
the aquarium lighting (yellow) and the LED spectra in the custom-built 
cultivation box under dim light (DL, blue) and regular light (RL, green) 
conditions, used for Chara braunii experiments following precultiva-
tion. Figure S2: Timelapse imaging of C. braunii top branchlets under 
continuous light over 3 nights and 3 days. The dark blue band corre-
sponds to image taken at midnight and the light blue to images taken at 
noon. (A–F) Continuous regular light (CRL, 30 μmol photons m−2 s−1)—
branchlets open the first day and stay open until the end of experiment. 
(G–L) continuous dim light (CDL, 15 μmol photons m−2 s−1)—branch-
lets open and close in a diurnal rhythm. Figure S3: Photosynthetic 
performance of C. braunii cultivated under continuous dim light (CDL, 
15 μmol photons m−2 s−1, yellow) and continuous regular light (CRL, 
30 μmol photons m−2 s−1, orange). Samples were measured after the first 
(D1), second (D2), and third night (D3) at 6:00, 13:00, and 20:00. Shown 
are (A) the maximum electron transport rate (ETRmax) (B) the initial 
slope (α), and (C) the light saturation point (Ik) of the photosynthesis–
irradiance curve. Data represent raw values (n = 2). No measurements 
were taken at D2 13:00. Figure S4: Dark yield (Ydark (II)) of C. braunii 
cultivated under continuous dim light (CDL, 15 μmol photons m−2 s−1, 
yellow) and continuous regular light (CRL, 30 μmol photons m−2 s−1, 
orange). Samples were measured after the first (D1), second (D2), and 
third night (D3) at 6:00, 13:00, and 20:00. Data represent raw values 
(n = 2). No measurements were taken at D2 13:00. Table S1: Metabolites 
identified in C. braunii in this study. Table  S2: Quantified metabo-
lites in Chara braunii metabolites. Table  S3: Sequences of canonical 
circadian-clock proteins from Arabidopsis thaliana used as queries for 
BLAST searches in C. braunii. Table S4: Replicate-level JTK_CYCLE 
results and FDR-adjusted p values for branchlet angle time series under 
the different light conditions. Table S5: Statistical results for pigment 
comparisons between continuous dim light (CDL) and continuous reg-
ular light (CRL) at T12, T36, and T60. Table S6: Statistical results for 
individual metabolite comparisons between T12 and the later sampling 
times T36 and T60 within each light treatment. Video S1: Time-lapse 
imaging of branchlet angle dynamics in C. braunii under continuous 
light conditions at Day 1. Video S2: Time-lapse imaging of branch-
let angle dynamics in C. braunii under continuous light conditions at 
Day 2. Video S3: Time-lapse imaging of branchlet angle dynamics in 
C. braunii under continuous light conditions at Day 3. 
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