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A B S T R A C T

Trebouxiophyceae are particularly widespread in terrestrial environments and comprise most of the lichen- 
forming microalgae genera. These symbionts have been frequently considered asexual, however, their life cy-
cles remain largely unknown. We sequenced and analysed the nuclear genome of Trebouxia lynniae, a model 
Trebouxiophyceae phycobiont, monitored and modelled its colony proliferation and analysed cell population 
dynamics by using flow cytometry coupled with microscopy and ploidy analysis. The genome inspection unveiled 
the presence of a “meiosis toolkit”, indicative of sexual reproduction, and the absence of TALE transcription 
factors related with haplontic life cycles. Moreover, we reveal that T. lynniae possesses a diploid genome, sexual 
reproduction, and diplontic life cycle. Also, we have demonstrated that its zoospores are gametes, and that 
meiosis is prezygotic. These discoveries illuminate Trebouxiophyceae ecology and evolution, highlighting the 
potential adaptive significance of sex in the face of challenging and changing ecological conditions like those 
faced by lichen symbionts. Moreover, characterizing this terrestrial Chlorophyta's life cycle contributes to shape 
evolutionary theories that aim to elucidate the path that they took during terrestrialization, suggesting that, as 
proposed for Streptophyta, it may have been mediated by a life cycle shift.

1. Introduction

Green plants are the dominant eukaryotic photosynthetic organisms 
across Earth's terrestrial landscape and since their evolution the 
biosphere changed drastically. Both Streptophyta and Chlorophyta have 
colonised terrestrial environments independently [1]. However, while 
Streptophyta terrestrialization has been extensively discussed, our un-
derstanding of Chlorophyta's adaptation to land remains largely 
forgotten [2]. Evolutionary theories state that Streptophyta transition to 
land entailed changes in their life cycle in which the diploid phase 
became dominant. In the case of Chlorophytes, most known life cycles 
belong to aquatic species, leaving the terrestrial counterparts unex-
plored [3]. Green algae colonization of land was most likely facilitated 
by fungal symbiosis [1], therefore extant lichens and their microalgal 
symbionts conceal key information about Chlorophyta evolution to 

terrestrial life. However, our understanding of proliferation and repro-
duction strategies of phycobionts remains limited [4–8]. Among 
Chlorophyta, Trebouxiophyceae is one of the largest classes, it includes 
most of microalgae reported as lichen symbionts, possess an extraordi-
nary capacity to adapt to diverse environments and thrive in seemingly 
inhospitable habitats [9–11], and it is proposed as one of the first 
terrestrial plant lineages [2,3,9].

The closely related aeroterrestrial green algae genera Trebouxia 
Puymaly and Asterochloris Tschermak-Woes encompass the majority of 
species identified as lichen phycobionts [12,13]. Both genera consist of 
unicellular coccoid cells with an axial chloroplast that occupy a signif-
icant portion of the cell volume [14,15]. When axenically cultured they 
grow better in solid media, where they develop thick colonies resem-
bling natural occurring biofilms (reviewed by [16]), than in liquid me-
dium, where the alteration of their morphology results evident [14]. 
Only a few publications have focused on the development and the life 
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cycle of these algae [7,8,13]. Depending on the species, the vegetative 
cell can generate varying proportions of autosporangia and zoospor-
angia. Autosporangia are characterised as clusters of cells known as 
autospores [8], which are smaller than the vegetative cells and develop 
into mature vegetative cells. Meanwhile, zoosporangia give rise to 
numerous small flagellated cells, known as zoospores [17], presumed to 
subsequently develop into autospores and eventually mature into 
vegetative cells. Overall, the life cycles documented so far have pri-
marily assumed asexual reproduction.

Different pieces of information are considered evidence of sexual 
reproduction to a different extent. Genomic evidence, such as the 
presence of specific genes associated with meiosis and gamete fusion, 
serves as robust proof of actual or cryptic sexual reproduction [18–20]. 
This has been recently documented in the Trebouxiophyceae class 
[21,22]. Another indication of sexual reproduction is homologous 
recombination, which has been reported in Trebouxia [23]. At the 
cellular level, the observation of cells morphologically consistent either 
with zygotes or with gametes, i.e. naked motile cells [24], are frequently 
reported in Trebouxiales [22], thus providing modest yet noteworthy 
evidence of sexual reproduction. Although fusion of gametes is a strong 
evidence already reported in this order, some authors did not distinguish 
between gametes and zoospores or questioned the sexual nature of this 
phenomenom [22]. Lastly, changes in nuclear ploidy levels, which 
suggest a reductional cell division, can also offer insights into the 
presence of sexual reproduction and meiosis [25]. The induction of 
sexual reproduction often depends on specific growth conditions and 
may occur during a particular growth phase [26]. Thus, it is crucial to 
test suitable growth conditions and describe the kinetics of different cell 
populations.

We hypothesised that sexual reproduction occurs in species of Tre-
bouxiophyceae, supported by presence of meiotic genes, potential 
gamete cells, homologous recombination, and cell fusion. In this study, 
we investigated this hypothesis on Trebouxia lynniae Barreno grown as 
colonies on solid medium. We choose T. lynniae because it has been 
proposed as an ideal phycobiont model species [27] due to its compre-
hensive characterization [28,29], extensive research on its physiological 
responses to various conditions [30–41] and the sequencing of its 
chloroplast and mitochondrial genomes [42,43]. Here we sequenced its 
genome and tested it for the presence of specific genes related with 
sexual reproduction and meiosis. We also identified different stages of 
the life cycle using flow cytometry along with microscopy techniques. 
Reductional cell division was evaluated by following changes in DNA 
content during colony growth. Our study shows that T. lynniae has a 
diplontic sexual life cycle with isogamous gametes.

2. Material and methods

2.1. Microalga strain and growth conditions

Trebouxia lynniae was isolated in 2006 from a thallus of the lichen 
Ramalina farinacea collected from Sierra del Toro (39◦57′ 32.34″N–0◦46′ 
35.51″W, Castellón, España) and the unialgal culture was stored and 
maintained as living culture at the Symbiotic Algal collection from the 
University of Valencia (https://www.asuvalgae.com/; ASUV44). Cul-
tures were kept on 1.5 % agar Bold's Basal Medium (BBM) [44] in a 
growth chamber at 20 ◦C, with a 12 h photoperiod of 25 μmol photons 
m− 2 s− 1 of photosynthetically active radiation (PAR). Molecular iden-
tification has been routinely checked by means of internal transcribed 
spacer (ITS) amplification and sequencing as described by Barreno et al. 
[28].

In this research, two 3NBBM [45] supplemented mediums were used: 
GC-3NBBM, a 3NBBM medium with glucose 20 gL− 1 and casein hy-
drolysate 10 gL− 1; 2GC-3NBBM, a 3NBBM medium with glucose 40 gL− 1 

and casein hydrolysate 20 gL− 1. At 21 days, entire colonies were scraped 
from agar medium, resuspended in GC-3NBBM or 2GC-3NBBM solution 
and filtered through a 50 μm pore filter (Partec; Celltrics). Filtered cells 
were counted in Neubauer's chamber and adjusted to 5.0 × 107 cells/ 
mL. Filtered cell suspensions from three colonies were pooled together, 
analysed by flow cytometry and used as starting material in all experi-
ments. 50 μL of filtered cell suspension were applied directly over solid 
GC-3NBBM or 2GC-3NBBM. Colony measurements and samples collec-
tion were done between 2 and 4 h after the light period started for 
consistency.

2.2. Genome sequencing, assembly and annotation

T. lynniae DNA library was sequenced using Illumina MiSeq (Illu-
mina, San Diego, USA). De novo assembly was performed with Velvet 
v1.1 [46]. Genome quality and completeness was assessed by QUAST 
v.5.2.0 [47] and BUSCO v.5 [48]. Ploidy level was estimated with 
nQuire [49]. Structural annotation was performed using SNAP [50] and 
Augustus v.3.4.0 [51]. Functional annotation was assessed by BlastP, 
Gene ontology (GO), KEGG orthology and PFAM annotation. “Meiosis 
toolkit” genes and TALE homeobox family genes were selected and 
analysed based on specific references [18,19,52–59]. Details of the 
search method are available as supplementary material within Note S1.

Extended description of genome sequencing and annotation methods 
are available as Note S1.

2.3. Colony growth measurements

Colony growth was analysed using a photographic, non-destructive 
method that allowed us to follow each individual colony over time. 
Colonies growing on Petri plates were placed on a drawing table with 
integrated illumination and photographed in a dark room. This illumi-
nation method ensured optimal, uniform and controlled lighting while 
minimising shadows and reflections. Images were taken at fixed distance 
with a Canon EOS 2000D digital camera (Canon, Ōta City, Tokyo, 
Japan). To calibrate and standardise colour and size information during 
image processing and analysis a colour and a size scales were incorpo-
rated into the drawing table setup. Images were analysed with Fiji dis-
tribution of ImageJ v.1.53 [60] and morphological variables were 
acquired for each image of each colony. Briefly, for each colony the 
image was split into red, green and blue channels. Auto Threshold using 
Huang method was applied over the blue channel in order to segment 
the colony area. Green channel was used to segment the background 
applying an Auto Threshold using Huang method after transforming the 
image with a Gaussian Blur and a Median filter. The morphological 
variables acquired were area and integrated density (IntDen). The 
measurements were performed for the colony and the background re-
gions in each, red, blue and green channels and the RGB image.

Abbreviations

BBM Bold's Basal Medium
PAR photosynthetically active radiation
GO Gene ontology
IntDen integrated density
NLS Nonlinear Least Squares
DAPI 4′-6-diamino-2-phenylindole
PBS phosphate-buffered saline
SSC-A side scatter area
SSC-H side scatter height
FSC-A forward scatter area
CLSM confocal laser scanning microscopy
TEM Transmission electron microscopy
GMM Gaussian Mixture Model
c-value DNA content
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Data analysis was performed using R-Studio v.2022.02.0 [61] and R 
v.4.1.2 statistical software packages [62]. Data manipulation was done 
with readr v.2.1.4, dplyr v.1.1.2, stringr v.1.5.0 and tidyr v.1.3.0 packages 
[63–66]. For each measurement of area and IntDen the corresponding 
background value was subtracted from the colony value and data tables 
were prepared for fitting individual growth curves. Area or IntDen 
values were then used for fitting three parameter logistic least square 
growth curve models using the minpack.lm v.1.2–3 package [67]. The 
model is given by the following equation:

y = k/(1+ exp( − r*(t − tmid) ),

where y is area or IntDen at time t; k is the carrying capacity of the 
population, the maximum colony size; tmid is the time at which colony 
reaches half of its maximum size; and r is the intrinsic growth rate. For 
initial guessing of parameter values, k was assumed to be near the 
maximum of the data set, and initial slope r and tmid were estimated from 
coefficients of a linear regression on pseudo y values. The pseudo y 
values were calculated as the logarithmic transformation of the differ-
ence between the carrying capacity and the observed value. The loga-
rithmic transformation is used because it makes the data more linear 
near the carrying capacity. The slope of this linear regression was used 
as r initial value while tmid was calculated as the quotient of the y- 
intercept divided by the slope. The initial values for k, r, and tmid were 
used as starting values for the Nonlinear Least Squares (NLS) fit. The NLS 
fit then refines these values to find the best fit to the data. After curve 
fitting was performed, maximum growth rate (μm) was calculated as the 
slope at the midpoint as r*k/4, the duration of the lag phase (tlag) was 
estimated as the time at which the line passing through (tmid, k/2) with 
slope μm equals the initial inoculum y = n0, and the time at which k was 
reached and the stationary phase initiates (tstat) was determined as the 
line passing through (tmid, k/2) with slope μm equals y = k. Individual 
curves were evaluated and original and predicted values were plotted 
with the ggplot2 v.3.4.2 [68]. A two sided Student's t-Test was done for 
statistical comparison of growth parameters k, r, tmid, μm, tstat and tlag 
between growth mediums, homoscedasticity and normality were tested. 
Besides, r for data points at ti > tlag was estimated as ln(IntDen(t2)/ 
IntDen(t1))/(t2 − t1), where t2 and t1 are two contiguous time points t2 >

t1.

2.4. Cell fixing and nuclear staining

Cell fixing and nuclear staining was based on Ulrich & Ulrich [69] 
and Čertnerová [70]. Each sample consisted of three colonies harvested 
with a microbiological loop and mixed with cold 3:1 v/v absolute 
ethanol:acetic acid with Tween 20 for fixing and clearing. Samples were 
counted with an hemocytometer and kept at 4 ◦C for a period ranging 
from 24 h up to several weeks before use. Sample concentration was 
adjusted and then either directly analysed by flow cytometry or nuclear 
stained. For nuclear staining, 4′-6-diamino-2-phenylindole (DAPI, Invi-
trogen) was used according to the manufacturer. Briefly, cell suspension 
of 7.5 × 105 cells was collected, centrifuged 5 min at 8000g and the 
supernatant discarded. Cells were resuspended in 1 mL phosphate- 
buffered saline (PBS) and incubated 20 min at room temperature for 
rehydration. After centrifugation for 5 min at 8000g, supernatant was 
discarded and cells were incubated with 500 μL of 10 μg mL− 1 DAPI in 
PBS (1 × 10− 6 μg DAPI x cell− 1). After 30 min in darkness, the sus-
pension was centrifuged 5 min at 8000g, supernatant was discarded and 
cells were resuspended in PBS buffer and analysed immediately by flow 
cytometry and confocal microscopy.

Following cell staining, the intensity of fluorescence integrated over 
the analysed cells is expected to be in stoichiometric relationship to DNA 
content, and thereby can be used to determine relative DNA content. For 
this, the peak with the lowest DAPI intensity was considered 1c and the 
intensity for the other ploidies were calculated by multiplying 1c in-
tensity with the corresponding factor (i.e. 2*1c for 2c, 4*1c for 4c, and so 

on).

2.5. Flow cytometry and cell sorting

For flow cytometry, entire colonies were scraped from agar medium, 
resuspended in 500 μL of GC-3NBBM, 2GC-3NBBM or fixing solution for 
DNA staining. Fresh samples were analysed immediately after being 
collected. Resuspended colony samples were filtered through a 50 μm 
pore filter (Partec; Celltrics), injected in a LSR-Fortessa cytometer 
(Becton, Dickinson and Company, BD, USA) with 488 and 405 nm lasers 
and data was recorded until the least abundant population reached 
10,000 events. Every sample was manually inspected for early anoma-
lies (Fig. S1). Cell populations were gated initially by size (forward 
scatter area; FSC-A) and chlorophyll autofluorescence using the BV650- 
A filter (670/30), and then single cells were discriminated within each 
population by side scatter area (SSC-A) and side scatter height (SSC-H) 
discordance (Fig. S1). For DAPI staining, all samples were stained, kept 
in darkness till injected in the cytometer and analysed on the same day 
in a random order to minimise procedure error and equipment variation 
due to maintenance and recalibration. DNA was measured using the 
Indo-1 (violet) filter (450/50) and populations were gated by means of 
Indo-1 (violet)-A. Cells bearing a single nucleus were discriminated for 
each population by Indo-1 (violet)-A and Indo-1 (violet)-H discordance 
(Fig. S1). Some samples were kept and used as comparison between 
experiments analysed in different dates. The equipment configuration 
was recorded and kept constant for all experiments.

Flow cytometry data analysis was carried out using the CytoExploreR 
v.1.1.0 [71]. For cell population frequency calculations, population 
profiles over time were modelled by local polynomial regression using 
LOESS with the geom smooth function from the ggplot2 v.3.4.2.

For cell sorting, entire colonies were scraped from the agar medium, 
resuspended in 500 μL GC-3NBBM or 2GC-3NBBM solution and filtered 
through a 50 μm pore filter (Partec; Celltrics). The filtered cell suspen-
sions were injected in a BD FACSAria Fusion platform (Becton, Dick-
inson and Company, BD, USA). Chlorophyll autofluorescence signal was 
acquired using the 650 nm filter after excitation by means of the 488 nm 
laser. Populations were gated based on chlorophyll autofluorescence 
using the BV650-A filter (670/30) and size (FSC-A). Single cell pop-
ulations within each group were discriminated from grouped cells by 
SSC-A and SSC-H discordance (Fig. S1). The sorted populations were 
collected in fresh GC-3NBBM or 2GC-3NBBM liquid medium or fixing 
solution until the least abundant population reached 10,000 events. 
Sorted populations were always inspected by light microscopy. Filtered 
samples used for cell sorting were also injected in an LSR-Fortessa cy-
tometer (Becton, Dickinson and Company, BD, USA) and results were 
compared to those obtained with the cell sorter. When used for confocal 
laser scanning microscopy (CLSM), the sorted populations were centri-
fuged for 5 min at 13,000 rpm and the pellet was resuspended in 30 μL of 
fresh medium and used as specified below. The remaining sample was 
plated in fresh medium to observe viability. The sorting and identifi-
cation of cell populations was repeated at least three times in indepen-
dent experiments for each of the analysed time points.

Quality control of the Cytometry equipment was performed period-
ically over the year, each year, during the experiments duration (Data 
S1).

2.6. Microscopy

For CLSM 15 μL of each sample were placed on plates with a thin 
layer of 1 % agar in sterile water, air dried and placed upside down over 
a 35 mm imaging dish suitable for inverted microscopy (Ibidi, Fitchburg, 
WI, USA). An Olympus FLUOVIEW FV1000 laser scanning confocal 
microscope (Olympus, Tokyo, Japan) was used with a 405 nm excitation 
laser. Fluorescence emitted from 650 to 750 nm was collected to observe 
chlorophyll autofluorescence, thus recovering the chloroplast layers.

For DAPI staining, the same procedure was followed with 
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modifications. Samples were kept in darkness until analysed and a Zeiss 
LSM 980 confocal microscope (Carl Zeiss, Jena, Germany) was used, 
with a 405 nm excitation laser [72]. Fluorescence emitted from 650 to 
750 nm was collected to observe chlorophyll autofluorescence, and from 
408 to 550 nm was collected to observe DAPI staining. Image acquisition 
parameters were kept constant for all DAPI experiments. No stained 
controls were always included in the analyses (Fig. S2).

For cell-wall staining, the same procedure was followed with modi-
fications. Samples were kept in darkness, and treated with a droplet of 
Calcofluor white solution (1 g/L) for 1 min, followed by a droplet of 10 
% KOH. Afterwards samples were placed upside down over a 35 mm 
imaging dish suitable for inverted microscopy (Ibidi, Fitchburg, WI, 
USA). An Olympus FLUOVIEW FV1000 laser scanning confocal micro-
scope (Olympus, Tokyo, Japan) was used with a 405 nm excitation laser. 
Fluorescence emitted from 650 to 750 nm was collected to observe 
chlorophyll autofluorescence, and from 450 to 480 nm was collected to 
observe Calcofluor white staining.

Series of images were captured with a separation of 0.4 μm. The 
image stacks were preprocessed to remove noise and then analysed 
using the z-projection tool and volume viewer with Fiji distribution of 
ImageJ v.1.53. Transmitted light channel was processed with the Stripes 
Filter tool from the Xlib plugin [73]. For DAPI intensity estimation, 
whole cells or nuclei were manually segmented over the max z-projected 
image followed by measurement of the region intensity.

For Transmission electron microscopy (TEM) analyses, a portion of 
the sample of the microalgal colony of about 2 × 2 mm was covered with 
tempered 1 % low melting point agarose and processed following fixa-
tion and dehydration protocols as described in Bordenave et al. [29]. 
Sections were observed at 80 kV under a JEOL JEM-1010 microscope 
(Jeol, Peabody, MA, USA). Images were obtained using an Olympus 
MegaView III camera and processed with the Fiji distribution of ImageJ 
v.1.53.

2.7. Experimental design

Preliminary experiments (Fig. S3a). To set up and optimize experi-
mental measurements, colonies growing in GC-3NBBM or 2GC-3NBBM 
were analysed by flow cytometry and populations were sorted and 
inspected by LSCM for identification. Additionally, another set of sam-
ples were sorted, fixed and analysed by flow cytometry for comparison 
with fresh samples. An aliquot of each fixed population was DAPI 
stained and analysed by flow cytometry and LSCM for characterizing 
each population relative DNA content.

Main experiments (Fig. S3b). A total of eight independent experi-
ments were carried out. Four experiments with colonies growing in GC- 
3NBBM and four in 2GC-3NBBM. All the experiments were followed by 
non-destructive photography to assess colony proliferation, with at least 
ten samples per time point. Two experiments in each condition were also 
followed by flow cytometry of fresh colonies, with at least three samples 
per time point. Two experiments in each condition were followed by 
flow cytometry of fixed colonies, with at least three samples per time 
point. These fixed samples were also used for relative DNA content 
estimation by DAPI staining and flow cytometry.

3. Results

3.1. Genomic ploidy and meiotic genes suggest sexual reproduction

The de-novo assembly of T. lynniae genome resulted in a 59,411,922 
bp size, with a contig N50 of 242,042 and 274 contigs of more than 50 
Kb. The genome is predicted to contain 15,742 protein-coding genes, 
with an average gene length of 2267 bp (Table 1, Note S2, Data S2). To 
estimate genome ploidy, the distribution of allelic frequencies of SNPs 
after mapping genomic reads against the genome was explored. This 
distribution shows a peak at 50 % frequency compatible with a diploid 
genome (Fig. 1a, Fig. S4). Although the Gaussian Mixture Model (GMM), 

as obtained with nQuires, supports a tetraploid genome over a diploid 
one (Δlog-likelihood between a free parameter GMM and tetraploid and 
diploid models was 412.7 vs. 3377.5, respectively, suggesting a better fit 
to a tetraploid model) this could be affected by the extremely low level 
of heterozygosity of the genome (0.063 % of global heterozygous as 
inferred by k-mer analysis).

Comparative analysis with other Trebouxiophyceae microalgae 
revealed a genome size in the range of other species and comparable 
structural features (Fig. 1b, Table S1, Fig. S4). A total of 1666 orthologs 
were shared among the 8 species from different phylogenetic lineages, 
while 539 were unique to T. lynniae (Table S1 and Data S3). GO terms 
could be assigned to 15,298 protein-coding genes (94.2 % of the total) 
and KEGG terms to 6204 (34.4 %, Fig. 1c). The enriched functional 
categories highlighted basic functions such as carbohydrate metabolism 
or biological regulation which is consistent with most genome func-
tional descriptions (Fig. 1c, Note S2, Figs. S5–8).

In recent decades, a consensus has emerged regarding the signifi-
cance of a core set of sex and meiosis genes, known as the “meiosis 
toolkit”, in determining an organism's ability to undergo sexual repro-
duction. We conducted a comprehensive analysis by combining the 
genes identified in 10 studies, resulting in a total of 26 genes belonging 
to the “meiosis toolkit”. Through an examination of the genome of 
T. lynniae using profile hidden Markov models, and employing sequence 
alignment and phylogeny reconstruction to discriminate between 
meiosis genes and their paralogs (Figs. S9–19, Data S4), we successfully 
identified 22 out of the 26 genes (Fig. 1d, Table S2). The expression of 
these genes was compared to the whole transcriptome, and to genes 
considered to be housekeeping, in order to corroborate that they are 
expressed but not constitutively (Fig. S20). These findings strongly 
suggest that T. lynniae possesses the capability for sexual reproduction.

Meiosis can be pre or post zygotic. In haploid plants, the haploid 
gametophyte produces haploid gametes that fuse into a diploid pre-
meiotic spore (zygospore). In diploid (or diploid dominant) plants, the 
diploid zygote forms a diploid sporophyte which in time produces 
postmeiotic haploid spores. These patterns are governed by the TALE 
homeobox family of transcription factors [74]. We inspected the 
T. lynniae genome and transcriptome for homeobox proteins and only 
retrieved a single homeobox sequence (Data S5) that does not belong to 
the TALE homeobox family (Data S4).

3.2. Cell profiling pattern changes under different growth conditions

Within the described cell populations of T. lynniae [28], we consid-
ered that cells identified as zoospores had characteristics that align with 
the general attributes of algal gametes, namely motility (via flagella) and 
the absence of a cell wall [24]. To avoid making assumptions about the 
nature of these cell types, from now on we will refer to them as 

Table 1 
Trebouxia lynniae nuclear genome statistics.

Total length 59,411,922
# contigs 1892
# contigs (≥1000 bp) 579
# contigs (≥50,000 bp) 274
Largest contig 1,171,635
N50 242,042
N90 64,425
L50 74
L90 245
# Ns for 100 Kb 642.67
# Predicted protein-coding genes 15,742

Average gene length 2267.2
Average # of exons 3.94
Gene density per Kb 0.26

Completeness BUSCO (%) 93.7
k-mer estimated genome size (bp) 57,548,506
k-mer estimated heterozygosity (%) 0.0626
k-mer estimated read Error Rate (%) 0.123102
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Fig. 1. Nuclear genome and “meiosis toolkit” of Trebouxia lynniae. (a), Allelic frequency distribution observed for all scaffolds. (b), UpSet graph showing the number 
of genes shared in each possible combination of the eight compared genomes. The size of each genome is indicated in the inset and abbreviations correspond as 
follows: tlyn, Trebouxia lynniae; acg, Asterochloris glomerata Cgr-DA1pho v2.0; apro, Auxenochlorella protothecoides; cvr, Chlorella variabilis NC64A; csl, Coccomyxa 
subellipsoidea C-169; hsp, Helicosporidium sp.; prcc, Picochlorum RCC4223; pse3, Picochlorum sp. SENEW3. (c), GO and KEEG functional annotation of T. lynniae 
nuclear genome. (d), “Meiosis toolkit” genes detected in the nuclear genome of T. lynniae; dark grey filled areas indicate the presence of at least one copy of the gene, 
light grey indicates partial sequence or unsolved gene phylogeny, white filled areas indicate absence. Gene names followed by an asterisk indicate genes specific to 
meiosis and sexual reproduction.
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flagellated cells as their identity remains unclear.
T. lynniae is usually grown in a modified BBM medium supplemented 

with glucose and casein (GC-3NBBM) as this allows the observation of 
all known cell types [28], although flagellated cells are still difficult to 
find. We used double the amount of casein and glucose (2GC-3NBBM) to 
test if flagellated cells production may be enhanced. To accurately 
quantify the production of flagellated cells we employed flow cytometry 
measurements. Therefore, a combination of cell sorting and CLSM was 
used to identify cell populations present in a colony. We discriminated 
cell populations with the flow cytometer based on cell chlorophyll 
autofluorescence and size. Based on the morphological traits [14,28,29] 
observed with the CLSM we categorised these cell populations into four 
main groups (Fig. 2a, b, Fig. S21). Young cells are spherical vegetative 
cells, measuring 4–9 μm in diameter, with a shallowly lobed chloroplast. 
Mature cells encompass two subpopulations: one consists of spherical 
vegetative cells of 9–11 μm with a shallowly lobed chloroplast, and the 
other consists of slightly bigger cells of 12–14 μm showing a chloroplast 
with small lobes over the shallow lobes, resulting in a curly lobed 
chloroplast. The group of dividing cells includes cells undergoing chlo-
roplast division of 7–9 μm, as well as sporangia of 11–18 μm which 
contain a varying number of spores, either with a cell wall or naked. The 
flagellated cells population comprises slightly pyriform cells of 5–7 μm 
at their major diameter. They lack a cell wall, possess two flagella and 
contain a globular chloroplast.

Colony proliferation was monitored using a non-destructive photo-
graphic method where IntDen was used as a measure of proliferation 
(Fig. 2c). IntDen was preferred over colony area (Fig. S22) as it is more 
sensitive to small population changes and accounts for vertical expan-
sion of the colony as well as horizontal growth. The algae growing in the 
GC-3NBBM medium showed both the lag phase and the exponential 
phase to be shorter than those of 2GC-3NBBM (Table S3). As expected, 
the carrying capacity (k) was higher in the nutrient-rich medium; 
however, no differences were found in the maximal growth rate (μm) 
estimated from the adjustment to the logistic model of the set of dy-
namics. This is because, contrary to what is expected, the global fitted 
intrinsic growth rate (r) was higher in the nutrient-poor environment 
than in the enriched one.

We monitored the frequency of the four cell populations during 
colony proliferation in each medium (Fig. 2c). Young cells constituted 
the majority of events during the whole analysed time in the GC-3NBBM 
medium. Mature cells and dividing cells remained constant during the 
studied period, but at lower frequencies. Flagellated cells showed a 
slight increment during the exponential phase but reached a low fre-
quency. In contrast, colonies cultivated in 2GC-3NBBM evidenced great 
changes in the boundaries of growth phases. Although the frequency of 
young cells was the highest in the lag phase, it dramatically decreased 
when entering the exponential phase. Dividing cells started at lower 
frequencies than young cells, but as colonies entered the exponential 
phase they became the most abundant population. The transition to the 
stationary stage was marked by a drop in the frequency of dividing cells 
and a significant increase in flagellated cells which were almost unde-
tectable in previous stages. Mature cells stayed at low frequencies 
throughout the whole experiment. The shift between cell types in 
T. lynniae colonies was found to be a gradual process, as observed 
through the scatter plots during colony proliferation (Figs. S23, S24, 
Videos S1, S2). The boundaries surrounding, and between, different cell 
populations appeared to be diffuse and challenging to establish. This 
suggests that the transition between cell populations is not sharply 
defined but rather occurs gradually, with cells exhibiting intermediate 
characteristics between different stages.

Our data suggest that the investment in flagellated cells could be the 
result of local density-dependent cues. Moreover, when inspecting in-
dividual growth curves, the r in both culture media were similar before 
the production of flagellated cells began, but an important decrease in r 
occurred in the rich medium coinciding with the high investment in 
flagellated cells (Fig. 2c). As a result, the global fitted r was lower. This is 

the result of diverting resources previously used for vegetative growth 
into producing sexual gametes (i.e., demographic cost of sex; [75]).

3.3. Trebouxia lynniae flagellated cells are gametes

Sexual reproduction in T. lynniae would imply that a meiotic phe-
nomenon should occur, mainly characterised by a reductional division 
where chromosome number goes from diploid to haploid [25]. To verify 
if flagellated cells are a product of prezygotic reductional division, we 
tested the relative DNA content (c-value) of individual cell populations 
at different times of colony proliferation. In order to do this, populations 
were sorted and fixed, DNA was stained with DAPI and samples were 
analysed using flow cytometry (Fig. 3a). In this way we were able to 
compare scatter plots of fresh and fixed samples. The fixation process 
reduced chloroplast autofluorescence but still allowed for the contin-
uous monitoring of cell population frequencies. This enabled the 
establishment of new gating strategies for fixed cell populations. Unin-
ucleated events showed that the peak with the lowest DAPI intensity in 
the whole sample (1c DNA content) was exclusive to flagellated cells 
population. Young and mature cells exhibited different frequencies of 
2c, 3c, and 4c peaks. It is likely that 2c and 4c correspond to G1 and G2 
cell cycle phases, respectively, while 3c corresponds to S phase. Dividing 
cells population displayed a low frequency of events with 3c, and a 
majority of events of 4c or higher peaks, as expected for multinucleated 
structures.

When fixed whole samples were analysed, events corresponding to 
1c relative DNA content were exclusively located in the scatter plot re-
gion corresponding to flagellated cells throughout the entire duration of 
the proliferation curve in both growth mediums (Fig. 3b). Moreover, the 
increase in frequency of cells with 1c relative DNA content coincided 
with the increase in frequency of flagellated cells, whether grown under 
GC-3NBBM or 2GC-3NBBM conditions (Fig. S25, S26).

To validate relative DNA content estimation, microscopy analyses 
were performed on fixed samples of colonies growing exponentially in 
2GC-3NBBM, so that all cell populations could be found and flagellated 
cells were abundant. Quantification of DAPI intensity in sorted cell 
populations using image analysis yielded relative DNA content profiles 
and stoichiometry similar to those obtained by flow cytometry (Fig. 3c, 
d). The analysis revealed that most young cells displayed a 2c relative 
DNA content, while mature cells exhibited a range of relative DNA 
content from 2c to 4c. Flagellated cells were predominantly observed 
with 1c relative DNA content, although a minority had 2c relative DNA 
content. The occurrence of cells with 2c relative DNA content in this 
gated population can be explained by multiple factors, such as the slight 
overlapping with young cells when fixed or the existence of zygotes 
within this population.

While flagellated cells had intense plastidial DNA, vegetative cells 
showed a diffuse DAPI fluorescence background (Fig. 3c). Hence, an 
image analysis was performed in which the nuclei were segmented, and 
nuclear DAPI staining was estimated (n = 6). This analysis resulted in a 
nuclear DAPI IntDen of 1580 ± 890 for flagellated cells, 3180 ± 750 for 
young cells, and 6770 ± 384 for mature cells, corresponding stoichio-
metrically to 1c, 2c, and 4c, respectively. All in all, we conclude that 1c 
naked flagellated cells can be classified as gametes and they are a 
product of a reductional division. Moreover, no evidence was found 
supporting the existence of 1c vegetative cells.

3.4. The diplontic life cycle of Trebouxia lynniae

We further examined the flagellated cells population to find empir-
ical evidence of events related with sexual reproduction and mating. 
Microscopic examination of whole samples with abundant gametes, or 
freshly sorted flagellated cells, revealed various stages of the mating 
process (Fig. 4a). The initial step involves recognition and contact, 
where a fertilization tube is extended [76], followed by flagellar adhe-
sion and plasmogamy. After cell fusion, a tetra-flagellated zygote is 
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Fig. 2. Identification and profiling of cell populations during colony growth of Trebouxia lynniae. (a), Gating strategy of the four main cell populations over a scatter 
plot of chlorophyll autofluorescence vs cell size of a 30 d sample grown on 2CG-3NBBM. (b), CLSM max z-projection of chlorophyll autofluorescence of cell pop-
ulations sorted following the gating strategy displayed in Fig. 2a. Black arrowheads indicate flagella, white arrowheads indicate putative zygotes. Scale bars = 10 μm. 
See Fig. S21. (c), Representative growth curves and cell population profiling (out of two fully performed experiments). Upper graphs display growth curves as the 
integrated density (IntDen) vs days of growth (Time): solid black line represents average predicted value of models (n = 15), grey areas show s.d. 95 % confidence 
interval; intrinsic growth rate (r) original data points (n = 15) after lag phase (tlag) are shown in violet, to aid pattern visualization a smooth was performed with a 
generalised additive model; point-lines indicate the final size of the colony (k), dashed lines indicate the start (tlag) and the end (tstat) of the exponential growth phase 
(see Table S3 for mean ± s.d. of growth parameters); a black arrow points to the additional decrease in r. The graphs at the bottom display cell populations profiling 
as the frequency vs days of growth. Original data points are shown (n = 3), to aid pattern visualization a smooth was performed with linear modelling y ~ poly(x, i), 
where i = 7 for CG-3NBBM and i = 9 for 2CG-3NBBM, s.d. 95 % confidence interval is shown in grey. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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formed (Video S3). Interestingly, sorted flagellated cells samples often 
showed co-occurrence of cells bearing cell wall (cell-walled zygotes) 
with the same chloroplast morphology as the gametes (Figs. 2b, 4b). 
Both tetra-flagellated and cell-walled zygotes were approximately twice 
the size of gametes. The presence of these mating stages in the flagel-
lated cell population explains the 2c DNA peak observed above, and the 
measurements of 2c DNA cells in the microscopical observations (Fig. 3).

To further inquire into cell division processes of the life cycle, we 
explored whole colony samples. CLSM cell-wall staining (Fig. 4b) and 
TEM (Fig. 4c) of sporangia revealed the presence of two distinct 
sporangia types. The first one consists of a symmetric sporangium, 
known as autosporangium, where daughter cells (4 to 32; [28]) have a 
cell wall (Video S4). The first stages of autosporangium development 
consist of plastid symmetric divisions followed by cytokinesis and 
deposition of the cell wall. This sporangium envelope tends to remain 
attached to daughter cells after their release. The other type are asym-
metric sporangia that contain naked flagellated gametes (Video S5), 
previously termed zoosporangium. In light of the new evidence pre-
sented here, we propose to call it, from hereon, gametangium. The first 
stages of gametangium development consist of multiple asymmetric 
plastid divisions into small globular structures followed by cytokinesis 

(Fig. 4d). Gametangium releases gametes as a pack through a single 
narrow opening (ostiolum; Video S6).

Based on the collective evidence derived from genome analysis, cell 
population characterization, growth conditions, microscopy observa-
tions, relative DNA content analysis and, in particular, the absence of 
populations other than flagellated cells with 1c relative DNA content, we 
propose a diplontic sexual life cycle for T. lynniae (Fig. 5). Asexual 
reproduction of this species starts with a chloroplast and nuclear mitotic 
division, and continues with the formation of an autosporangium that 
contains small diploid vegetative cells with a developed cell wall. When 
young vegetative cells are released, some of them can stay attached to 
the mother cell wall. The fully developed mature vegetative cells start 
the cycle over again. The sexual part of the cycle initiates with meiotic 
reduction and nuclear division of the mature cell and multiple chloro-
plast divisions. The asymmetric gametangium matures with the devel-
opment of cell membranes and flagella of new gametes. The 
gametangium then releases these gametes through an ostiolum and they 
undergo mating through recognition, contact, flagellar adhesion, plas-
mogamy and eventually karyogamy, leading to the formation of tetra- 
flagellated zygotes. Finally, zygotes become mature vegetative cells by 
fully developing the chloroplast and cell wall.

Fig. 3. Characterization of relative DNA content of cell populations of Trebouxia lynniae. (a), Representative sample (n = 4) of CG-3NBBM of 30 d of growth. Scatter 
plots of chlorophyll autofluorescence vs cell size on the left panels. Histograms of DAPI stained samples displaying relative ploidy level on the right panels. (b), 
Representative scatter plots (n = 3) of chlorophyll autofluorescence vs cell size of one representative sample per time and medium of growth (CG-3NBBM and 2CG- 
3NBBM). Two full experiments were performed. Light blue dots indicate 1c relative ploidy level of uninucleate events, the rest of uninucleate events are marked in 
grey and the rest of the sample is indicated in black. Areas encircled in blue correspond to flagellated cell gating. Vertical grey bars indicate if the sample belongs to 
the lag, exponential or stationary phase based on Fig. 2c. (c), Sample of 2CG-3NBBM grown for 17 d. CLSM Max z-projection of DAPI stained sorted populations. DAPI 
histograms of each population are shown. Black arrowheads indicate flagella, white arrowheads show nuclei and white arrows show plastidial DNA. Scale bars = 10 
μm. (d), Sample of 2CG-3NBBM grown for 17 d, same as in Fig. 3c. Estimation of relative DNA content by image analysis of DAPI stained sorted populations. Different 
symbols indicate the cell type identified by cell morphology (based on size, cell wall and flagella). Red dashed lines delimit boxes of different ploidy levels. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

Our results confirm the hypothesis that T. lynniae has sexual repro-
duction and further describe it as having a diplontic life cycle and being 
isogamous. The allelic distribution obtained by nuclear sequencing 
would be that expected for a diploid organism which has undergone 
several generations of inbreeding (i.e., retaining few heterozygous loci 
while the rest follow a process of fixation) such as the culturing condi-
tions of the strain used for genotyping. In addition, T. lynniae genome 
contains the key genes involved in meiosis and mating, and it is able to 
express them. Although the presence of mating type-related genes, such 
as MID, MTD1 and FUS1, supports the existence of a mating system [77], 
we were not able of identifying the sex determining region using these 
genes. By analysing changes in DNA content during colony proliferation, 
together with changes in cell population frequencies, we were able to 
confirm zoospores to be gametes. The results obtained by microscopy 
DNA and cell wall staining further support this hypothesis.

Genome annotation comparison between Trebouxiophyceae ge-
nomes revealed the most robust annotation results for the T. lynniae 
assembly, that showed the highest percentages of genes with GO an-
notations and OrthoGroup assignments. The GO enrichment test for the 
genes exclusively found in T. lynniae highlights an overrepresentation of 
protein phosphorylation and magnesium transport processes, as well as 
membrane-located proteins (Fig. S5, Data S3). This suggests the exis-
tence of specific signalling and transport pathways in T. lynniae.

Although Streptophyta and Chlorophyta independently evolved on 
their path to earth, they experienced some similar events. On the one 
hand, both clades were associated with fungi during their terrestriali-
zation, likely through mycorrhizal-like and lichen-like symbioses [1]. 
On the other hand, our results show an evolutionary convergence of the 
haploid-to-diploid transition. This implies that evolution from an 
aquatic haploid dominant to a terrestrial diploid dominant life cycle is 
common to both. While most aquatic species are described as haploid 
dominant in Chlorophyta [3], here we show a terrestrial species that is 

Fig. 4. Microscopic evidence of Trebouxia lynniae life cycle events. (a), Representative pictures of DAPI stained whole samples or sorted flagellated cells of a 21 
d 2GC-3BBN sample (n = 3). CLSM max z-projection of different stages of sexual reproduction are shown. Events were observed at least 10 times with the exception of 
the fertilization tube and the tetra-flagellated zygote that are difficult to find because of their short life nature. White arrowheads indicate the fertilization tube, black 
arrowheads indicate flagella and white arrows show the cell-walled zygote. Scale bars = 10 μm. (b), Representative pictures of a fresh 21 d 2GC-3BBN sample stained 
with calcofluor for cell wall observation (n = 3). CLSM slice pictures of chlorophyll and calcofluor are shown in all cases, except for the one exemplifying the 
persistent mother cell's cell wall which corresponds to a max z-projection. Scale bars = 10 μm. (c), TEM micrograph of a 21 d 2GC-3BBN sample (n = 3) showing 
different sporangia and stages. Black arrowhead indicates persistent mother cell's cell wall and white arrowheads indicate flagella. Scale bars = 10 μm. (d), TEM 
micrograph of the same sample as in Fig. 4c showing details of asymmetric sporangium development. White arrowheads indicate globular structures and the black 
arrowhead shows an incomplete cytokinesis. Scale bars = 5 μm.

Fig. 5. The life cycle of Trebouxia lynniae. DNA content and nucleus ploidy level of the cells is indicated near each step: n = haploid, 2n = diploid, C is the total DNA 
charge. xC indicates stages in the life cycle for which the number of nuclei within the structure is unknown (i.e. gametangium) or variates within a range (between 4 
and 32 for autosporangium). Each step of the life cycle is letter coded: a, chloroplast division and nuclear mitotic division; b, formation of symmetric autosporangium 
containing 2n cell-walled cells; c and d, releasing of young vegetative cells out of the autosporangium; e, full development into mature vegetative cells; f, division of 
chloroplasts into globular structures and meiotic nuclear reduction; g, formation of gametangium with many cells without cell walls; h and i, releasing of motile 
gametes from the gametangium through an ostiolum; j, recognition and mating, contact and flagellar adhesion of gametes; k, plasmogamy, karyogamy and formation 
of 2n tetra-flagellated zygotes; l, development of zygotes and loss of flagella; m, formation of cell wall; n, full development into mature vegetative cells.
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diploid dominant, as it happens in Streptophyta. Moreover, another 
evolutionary convergence is the loss of some specific transcription fac-
tors that are related with the regulation of the life cycle. In plant 
haploid-dominant life cycles, the diploid phase is limited to a unicellular 
zygospore, the so-called “algal pattern” [78], governed by the TALE 
homeobox family of transcription factors universally present in Arch-
aeplastida [74]. BELL-related TALE genes are present in genomes of 
green algae and absent from genomes of land plants, which instead carry 
true-BELL TALE genes. Hence, it was proposed that the loss of BELL- 
related genes participated in escaping from the haploid “algal pattern” 
throughout the case of the evolution of land plants [78]. A similar event 
may have occurred during the evolution of Trebouxiophyceae as we did 
not find any TALE homeobox transcription factors, supporting the pro-
posed T. lynniae diplontic life cycle. It was also hypothesised that in a 
larger survey, other green organisms with diploid premeiotic spores 
would carry BELL-related genes and those with post-meiotic haploid 
spores would carry true-BELL genes [78]. However, our results, as well 
as the phylogeny of the TALE homeobox family, show that Treboux-
iophyceae may be an exception to its universal presence in Arch-
aeplastida [74]. Contrary to what happened in land plants, TALE genes 
have not been co-opted to new functions in Trebouxiophyceae.

Even though the use of the sugar-richer medium resulted in the 
production of a higher frequency of gametes than the poorer one, the 
described life cycle was basically the same. However, our findings show 
that the frequencies of each cell population differed between growth 
media and growth phases, which is in line with previous reports [35]. 
Asexual reproduction typically occurs during the exponential phase, 
while sexual reproduction tends to take place towards the end of the 
growth period when the algal population has reached a certain density 
[26], as observed in our experiments. These changes in cell population 
highlight the importance of accurately determining growth phases when 
interpreting physiological results and performing a taxonomical 
diagnosis.

In Trebouxia, high production of gametes was observed when 
growing in the glucose richer condition, which can be perceived as a 
decrease in the Redfield ratio (N:C). In most Volvocines gametogenesis is 
also triggered by nutrient perception, in particular nitrogen depletion. 
Volvocine is a diverse group that includes unicellular and colony- 
forming microalgae that can perform asexual and sexual reproduction. 
Despite having haplontic life cycle [79], multicellular Volvocines such 
as Gonium share some coincides with Trebouxia life cycle. While Gonium 
colonies multiply mainly by rounds of asexual cell fissions, Trebouxia 
colonies does so but by means of sporangia. Moreover, both Gonium and 
Trebouxia sexually reproduce under specific nutrient conditions through 
motile isogamous gametes that break apart from the colonies. This 
highlights a potential convergence in how these organisms disperse and 
potentially encounter compatible partners for sexual reproduction when 
environmental conditions become favourable.

Our findings challenge the notion that the presence of flagellated 
cells can be regarded as a taxonomic feature in Trebouxia. Instead, we 
emphasise that production of motile cells is contingent upon culture 
conditions and growth phase. Whether the triggering of sex is a response 
to population density itself [26] (e.g., because it maximises the proba-
bility of gametes encounter) or it is used as a proxy for environmental 
signals [80] (e.g., increase of nutrients or reduction of light), remains 
unclear. Within lichen thalli, Trebouxia species were reported to grow as 
stable consortia called “green modules” [81]. In such an environment, 
the cost of recombination and the loss of advantageous genetic combi-
nations, the demographic cost of sex, could outweigh the benefits of 
diverse offspring [23,75,76]. How phycobionts growth is regulated and 
whether sexual reproduction occurs inside lichen thalli or not, is 
currently unknown. However, the existence of facultative sexual life 
cycles as we have shown for T. lynniae opens up an interesting window to 
the study of the costs of sex and its evolution and maintenance in a 
complex ecosystem such as a lichen thallus where inter and intraspecies 
conflicts can occur. Fungal symbionts would benefit from controlling 

sexual reproduction of the phycobiont (for example through nutrient 
control), either to prevent it, avoiding the formation of less suitable 
photobiont genotypes (the recombinational cost of sex) [23] or to pro-
mote it to provide a genetically diverse collection of photobionts when 
the fungus is asexually reproducing through diaspores. A pool of 
genetically diverse algae could help to cope with novel environments. 
For the algae, combining sexual and asexual reproduction with density- 
dependent induction can also be an advantageous strategy [82]. Within 
the thallus, rapid asexual growth would help to outgrow competing 
species, or less fitted genotypes [83], without incurring in the de-
mographic or recombinational cost of sex. However, switching to sexual 
reproduction when populations densities are high could be beneficial, 
on the one hand, by increasing the probability of gamete encounters, 
and on the other, investing in sex when competition is higher reduces 
the recombination cost (i.e., the risk of being excluded by competition 
compensates for the cost of producing less fitted offspring). Additionally, 
high phycobionts population densities could be interpreted as a cue to 
leave the thallus. In such a case, the production of a genetically variable 
offspring in a complex environment as the lichen holobiome would be 
advantageous to initiate new symbiotic interactions to cope with a new 
environment. In this way, the microalga cyclically integrates in a new 
unit forming a new thallus, i.e., cyclic symbiosis [84,85].

Our findings regarding sexual reproduction of T. lynniae have 
important implications when considering the high diversity observed 
within the Trebouxia genus [9,86]. This reproductive strategy may 
contribute to the generation and maintenance of genetic diversity. This 
is particularly relevant considering the evolution and ecological adap-
tation of Trebouxia species [10,87] to diverse and extreme environments 
in which they are reported as lichen symbionts [9]. The ability to un-
dergo sexual reproduction may confer an advantage under stressful 
environmental conditions by promoting exchange and recombination of 
genetic material as reported in other organisms [88,89]. Lichen repro-
duce by propagules and/or by de novo formation, both are frequent 
processes depending on the lichen species. The later, suggests that the 
germinating mycobiont spore has to find a phycobiont in non-symbiotic 
state. Whether these algae are able to reproduce sexually within the 
lichen or between cycles of lichenized and free living states (cyclic 
symbiosis), remains unclear. Recently, Veselá et al. [16] have reviewed 
the lifestyle of lichen chlorobionts, indicating that Trebouxia genus is 
one of the most common genera of free-living microalgae in nature. As 
Veselá et al. [16], this manuscript also aim to shed some light into the 
complex nature of phycobiont life cycles and lichen symbioses. The 
discovery of sexual reproduction in T. lynniae thus expands our under-
standing of the ecological and evolutionary dynamics within Trebouxia 
and highlights the potential adaptive significance of sex in the face of 
challenging and changing ecological conditions.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.algal.2024.103744.
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