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Abstract
Microalgae are a diverse group of photosynthetic microorganisms and offer a sustainable source of bioactive compounds 
for next generation plant biostimulants. In this study the biostimulant effect of 15 aqueous microalgal extracts, obtained by 
maceration and centrifugation, were screened using Arabidopsis thaliana root growth assay. Due to significant variations in 
root growth in treated and untreated (control) seedlings, even under controlled conditions, an integrative statistical strategy, 
incorporating dimensional reduction approaches, was employed to address this complexity. This analysis revealed significant 
seasonal variations in root growth, likely sensed by endogenous plants mechanisms, despite controlled growth conditions. 
By employing statistical methods and accounting for seasonal effects, Porphyridium purpureum and Chlorococcum sp. were 
identified as potent strains, consistently stimulating root growth by 15 - 45%. Based on available literature, no previous stud-
ies have explicitly addressed this issue in biostimulant assays. The observed circannual rhythm suggests that results from 
in vitro assays may vary significantly depending on the season in which they are conducted, and that future studies should 
carefully consider this factor. These findings provide valuable insights for optimizing rapid root/germination screening assays 
and guiding extract selection for evaluating biostimulant potential.
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Introduction

Increasing demand for food, feed, energy, and chemicals as 
a result of population growth and development necessitates 
the search for alternative resources. Consequently, agricul-
tural practices are rapidly transitioning towards more sus-
tainable methods, with bio-based products playing a key role 
in promoting crop growth, soil health, and natural pest con-
trol (Donate & Frederico 2019; Velasco-Muñoz et al. 2021).

Plant biostimulants have emerged as an effective inno-
vation to enhance crop resilience against various stressors, 
stimulate growth and productivity, and enhance nutrient 

use efficiency (EU, 2019). These biostimulants may include 
beneficial microorganisms, and a range of natural bioactive 
compounds, as well as derivatives from both natural and 
synthetic sources. Among them, microalgae have gained 
attention as one of the most promising sources of biostimu-
lants (Chiaiese et al. 2018; Brito-Lopez et al. 2025).

Since the  1960 s research has demonstrated that algae 
can enhance plant nutrition by supplying essential micro-
nutrients and bioactive metabolites that support growth and 
stress tolerance (Booth 1969; Dmytryk & Chojnacka 2018). 
In addition, algae-based treatments improve soil structure 
and fertility by enriching it with macro- and micronutrients, 
as well as various bioactive compounds (Sharma et al., 
2014; Alvarez et al. 2021). Particular attention has been 
given to algal derivatives such as phytohormones, hormone-
like compounds, poly- and oligosaccharides, and phenolic 
compounds (Mazhar et al. 2013; Gheda and Ahmed, 2015; 
Behera et al. 2021; Parmar et al. 2023).

The diversity of derivatives from photosynthetic micro-
organisms is vast, reflecting their extensive natural biodi-
versity (Chiaiese et al. 2018; Ikram et al. 2022). Although 
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the term microalgae is commonly used to broadly describe 
photosynthetic microorganisms, including prokaryotic 
cyanobacteria and various eukaryotic taxa such as green 
algae, euglenoids, and diatoms, it is important to recognize 
that cyanobacteria and microalgae are phylogenetically 
distinct, belonging to separate bacterial and eukaryotic 
lineages, respectively (Occhipinti et al. 2023). For sim-
plicity, both microalgae and cyanobacteria are referred 
as microalgae in this study, unless specified otherwise. 
Due to their diversity and metabolic flexibility, microalgae 
are a potent source of high-value metabolites, including 
proteins, amino acids, enzymes, pigments, polyunsaturated 
fatty acids, polysaccharides, vitamins, antioxidants, and 
phytohormones (Parmar et al. 2023). Consequently, micro-
algae are recognized for their potential to act as growth 
promoters and to mitigate both biotic and abiotic stress in 
plants (Ferreira et al. 2023).

In vitro assays have been developed to facilitate and 
accelerate the rapid screening of algal extracts. These meth-
ods typically involve germination or root elongation assays 
performed under sterile conditions (e.g., in Petri dishes) in 
a controlled environment, where growth parameters can be 
precisely modulated and monitored. Extracts are added to 
either solid or liquid medium at varying concentrations to 
evaluate dose-response effects. These experimental condi-
tions enable rapid screening using plant models, eliminating 
the influence of soil and other environmental parameters, 
including microbial competition (Povero et al. 2016). How-
ever, while seasonality is widely acknowledged as a signifi-
cant factor e.g., in seed germination and crop experiments, 
its influence on in vitro bioassays is often overlooked. Spe-
cifically, when in vitro assays are performed over extended 
periods spanning different seasons, the potential impacts of 
seasonality remain largely unconsidered, due to the assump-
tion that controlled environmental conditions fully mitigate 
such effects.

Numerous studies have documented the ability of many 
different organisms to sense seasonal changes, even under 
constant and highly controlled conditions. Such circannual 
cycles persist without external time cues across a diverse 
range of taxa (Helm et al. 2013). In plants, several examples 
have been reported, including the germination capacity of 
seeds stored in a dried state, the water-binding capacity of 
seeds, metabolic and growth changes in duckweed under 
continuous conditions, and the production of winter shoots 
in Spirodela (Spruyt et al. 1987; Franceschi et al. 2019; 
Ziegler 2024). Significant seasonal variations occur in oat 
growth rates (Abidin, 1956). Current research on Arabidop-
sis thaliana focuses primarily on circadian rhythms (Cer-
vela-Cardona et al. 2021) as well as the seasonal changes 
regulating flowering and their underlying endogenous mech-
anisms (Freytes et al. 2021). Despite these findings, in plants 
there are relatively few studies focused on rhythms that are 

sustained under constant environmental conditions, indicat-
ing their endogenous nature.

The primary aim of this study was to evaluate the 
biostimulant potential of 15 microalgae strains by conduct-
ing A. thaliana root growth elongation assays using extracts 
obtained by maceration (Chovancek et al. 2023). During the 
course of data analysis, variation in A. thaliana root growth 
over time across different seasons was observed. As a result, 
the scope of the study was expanded to include an investiga-
tion of the temporal patterns in root growth, using appro-
priate statistical modeling approaches, in order to account 
for temporal factors potentially confounding the primary 
analysis.

Materials and methods

Growth of microalgal strains and biomass 
preparation

The 15 microalgal species (Table 1) were acquired from 
the Norwegian Culture Collection of Algae (NORCCA) 
and the Microbial Domain Biological Resource Centre 
(HAMBI) and maintained according to the culture collection 
instructions. Pre-cultures (50 mL) were inoculated in BG11 
medium (pH = 7.5) (Stanier et al., 1971), with seawater and 
vitamins added when required according to strain specific 
guidelines. Cultures were maintained at room temperature 
under continuous light (50 μmol photons m−2 s−1 photosyn-
thetic photon flux density; PPFD). After four weeks, 2 L 
fresh BG11 medium was inoculated with pre-cultures to a 
final concentration of 0.1 ± 0.05 g L−1 (n = 3), determined 
by measuring the dry weight of biomass. The experimental 
cultures were grown at  21 °C under 200 μmol photons m−2 
s−1, with a 14/10 h light-dark cycle and continuous bubbling 
with 1.5% CO2. Cultures were harvested during the early 
stationary phase (supplementary information S1) after 22-29 
days depending on the strain (supplementary information 
S2) by centrifugation (6000 ×g, 15 min,  18 °C). The result-
ing biomass was freeze-dried (74 Pa, −53°C) and stored at 
−20°C. The above procedure was performed twice indepen-
dently, resulting in two biological replicates, replicate 1 (R1) 
and replicate 2 (R2). Both cultures were cultivated during 
the summer season. However, they were initiated in different 
months and originated from separate pre-cultures and thus, 
do not originate from the same biomass. Biomass R1 was 
stored at −20 °C for 14–16 months prior to analysis, while 
R2 was stored for 15–19 months.

Microalgal extract preparation

The extract was prepared utilizing a short period of mild 
thermo-maceration (Chovanček et al. 2024). A stock extract 
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(15 g DW L−1) was prepared by weighing 150 DW mg 
microalgal biomass, homogenizing it shortly with mortar 
and pestle, and diluting it to 10 mL deionized water. The 
mixture of microalgal biomass and water was shaken (120 
rpm) for 3 h at +30 °C and then centrifuged (6000 ×g, 10 
min, 4 °C). The supernatant was collected and sterile-filtered 
(0.45 µm) before diluting into working concentrations (0.1 
g L−1, 0.3 g L−1, and 0.5 g L−1) and applying to the agar-
based plates.

A. thaliana root tip elongation assay

To assess the biostimulant potential of the microalgal 
extracts, a root assay (Chovanček et al. 2023) was used. In 
this method, the seeds of Arabidopsis thaliana (Col-0) were 
sterilized with chlorine gas and planted on agar plates with ½ 
MS media (Murashige & Skoog), 1% sucrose, and 0.8% agar. 
The plates were placed first to +4°C for 48 h for stratification 
and then vertically in the growth chamber (120 µmol photons 
m−2 s−1 PPFD, 16/8h,  23 °C, ca 40% humidity) for 5 days. 
After this, 15 seedlings with root lengths between 16-20 mm 
were transferred to agar plates (½ MS plates + 0.8% agar) 
with algae extract in different concentrations (0.1 g L−1, 0.3 
g L−1, and 0.5 g L−1) as treatment groups. For the control 
group, seedlings were transferred to similar plates without 
any extract. The seedlings were aligned in one line with 0.7 
mm spaces in between, and the position of the seedlings' root 
tip was marked with a permanent marker. The plates were 
placed back into the growth chamber. The root tip elongation 
was measured on the 7th day from RGB images analyzed 
with ImageJ. The lateral roots were counted on the 5th day 
from RGB images. For one biological replicate of the micro-
algae biomass, one A. thaliana root assay with 15 plants was 

performed. Normalized root stimulation (RS) was calculated 
by comparing the average primary root tip elongation of the 
treated plants (RE) to the average primary root tip elongation 
of the control plants (AEC) as follows:

Assays were performed from July to February, excluding 
December, due to assessment of multiple strains. A mini-
mum of two assays were conducted per month in a stag-
gered manner, with multiple assays running at different 
growth stages. The detailed monthly distribution of assays 
performed is provided in supplementary information 3 (S3).

Statistical analysis

All the statistical analyses were done with RStudio, R ver-
sion 4.3.1 (2023-06-16) -- "Beagle Scouts". To assess the 
statistical significance of normalized root stimulation (p 
< 0.05), normality of the data was first analyzed with the 
Shapiro-Wilk test. As the data did not meet the assumptions 
of normality, non-parametric analysis was conducted using 
Kruskal-Wallis test followed by Dunn’s post hoc test with 
Bonferroni correction. This analysis was applied to the nor-
malized root stimulation calculated from a dataset contain-
ing root tip elongation results for all plants across different 
treatment groups (0.1 g L−1, 0.3 g L−1 and 0.5 g L−1) in both 
replicates (R1 and R2), as well as to a subset where the two 
replicates were combined for the control group and the 0.5 
g L−1 treatment group.

Dimensionality reduction-based techniques were 
applied to represent the data in a lower dimensional 
space with preserving the key information. Among linear 

RS = (RE∕AEC) ∗ 100

Table 1.   List of microalgal 
species employed in this 
research. Strains H1-H8 were 
obtained from HAMBI, while 
N1-N20 are from NORCCA​

Genus/Species Order # Phylum Culture Collec-
tion Catalog #

Nostoc sp. Nostocales H1 Cyanobacteria UHCC0252
Nostoc sp. H2 UHCC0360
Nostoc sp. H6 UHCC0268
Anabaena variabilis H7 PCC7937
Nodularia sp. H8 HAN37/1
Selenastrum sp. Sphaeropleales N1 Green algae, Chlorophyta K-1877
Scenedesmus sp. N5 NIVA-CHL99
Tetradesmus obliquus N6 NIVA-CHL107
Monoraphidium contortum N7 NIVA-CHL100
Haematococcus lacustris Chlamydomonadales N9 Green algae, Chlorophyta K-0084
Dunaliella tertiolecta N13 NIVA-CHL26
Dunaliella salina N20 K-1830
Chlorococcum sp. Chlorococcales N3 Green algae, Chlorophyta NIVA-CHL131
Apatococcus lobatus Chlorellales N8 Green algae, Chlorophyta NIVA-CHL144/1
Porphyridum purpureum Porphyridiales N12 Red algae, Rhodophyta NIVA-1/92
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methods, multidimensional scaling (MDS) and princi-
pal component approaches were applied. MDS was used 
to visualize the relationships among samples in a two-
dimensional space. For MDS, a dataset containing pri-
mary root tip elongation measurements from all plants in 
the different treatment groups (0.1 g L−1, 0.3 g L−1, and 
0.5 g L−1), as well as the control group, with data com-
bined from both replicates (R1 and R2), was used. First, 
to determine the optimal number of clusters, the Elbow 
and Silhouette methods were applied using the factoextra 
package (version 1.0.7). Based on these results, K-means 
clustering was performed using the base R stats package 
(version 4.3.1) to assess the distribution of the two bio-
logical replicates of microalgae. A distance matrix was 
calculated using Euclidean distance, and classical MDS 
(metric MDS) was performed using the cluster (version 
2.1.6) and factorextra (version 1.0.7) packages. Ordination 
plots were generated using the ggpubr package (version 
0.6.0) to highlight treatment group clustering. Different 
clusters were color-coded to facilitate visual interpretation.

Principal Component Analysis (PCA) was conducted to 
extract the most prominent patterns and simplify the dataset, 
focusing on key factors affecting root tip elongation while 
minimizing the impact of seasonality and reducing associ-
ated noise. The analysis was conducted using the same pri-
mary root tip elongation dataset described above, with PCA 
performed on both the combined dataset (including data 
from replicates R1 and R2) and separately for each replicate. 
The analyses were carried out in R using the FactoMineR 
(version 2.11) and factoextra packages (version 1.0.7). An 
eigenvalue analysis was used to select the principal compo-
nents for further analysis based on the proportion of vari-
ance explained. Eigenvalues were calculated by squaring the 
standard deviations from the PCA results. The percentage of 
variance explained by each component was then computed, 
and a bar plot was generated to visualize the distribution 
of variance. Samples were color-coded by treatment group 
in the PCA plots, with confidence ellipses added to repre-
sent the variability within each treatment group to facilitate 
visual interpretation of clustering and group separation.

To detect seasonal variation in primary root tip elonga-
tion and the number of lateral roots, a time series analysis 
was performed. The analysis of primary root tip elonga-
tion was conducted using the same primary root tip elon-
gation dataset described above, while a separate dataset, 
containing the number of lateral roots across the same 
treatment groups, was used for the analysis of lateral 
root development. Both datasets were analyzed using the 
ggplot2 package (version 3.5.1) to create boxplots over 
time (month), with each treatment group color-coded, and 
LOESS smoothing curves fitted to each treatment to high-
light temporal trends. Rectangular background shading 
and annotations were used to visually distinguish the two 

biological replicates. To highlight temporal dependencies, 
the autocorrelation function (ACF) was calculated.

Results

Phenotypic variability in A. thaliana root responses 
between two microalgal biomass replicates

The root elongation response to varying doses of aque-
ous extracts from 15 microalgal strains were examined 
using two biological replicates (R1 and R2) per strain. A 
detailed analysis of primary root elongation showed sig-
nificantly more pronounced effects (both inhibitory and 
stimulatory) in R2 than R1 (Fig 1). Most strains in R1 
showed some degree of primary root stimulation at the 
applied concentrations of 0.1 and 0.3 g L−1. Particularly, 
H2 - Nostoc sp., N3 - Chlorococcum sp., N5 - Scenedes-
mus sp., N7 - M. contortum, and N20 - D. salina showed 
stimulation above 10% in these concentrations. Although 
three strains (N3 - Chlorococcum sp., N8 - A. lobatus, and 
N12 - P. purpureum) showed up to 30% stimulation at 0.5 
g L−1, only the effect observed for N12 - P. purpureum 
was statistically significant. In contrast, R2 showed statis-
tically significant effects, with strains N3 – Chlorococcum 
sp. and N7 - M. contortum, showing distinct stimulation 
across all tested concentrations (+22-52%). The strongest 
stimulation was observed with strain N3 – Chlorococcum 
sp. at 0.5 g L−1 and N7- M. contortum at 0.1 g L−1, both 
above 50% root elongation. In contrast, cyanobacterial 
strains (Nostoc sp. -strains, A. variabilis and Nodularia 
sp.) mostly inhibited root growth, with the inhibitory 
effects being more statistically pronounced in R2. In R1, 
the maximum inhibition was 40% with H8 - Nodularia sp., 
while in R2, the maximum inhibition was 61%, observed 
with H2 - Nostoc sp.

Among the studied strains, three are standing out with 
repeatedly stimulating effects. N3 – Chlorococcum sp. con-
sistently stimulated the root growth by +20-50% across 
both replicates and all concentrations. N7 - M. contortum 
significantly stimulated root elongation (+50%) in R2, but 
only moderately in R1 (+10%). N12 - P. purpureum had a 
clear stimulating effect on the root growth in R1 (+20%) 
but only moderate stimulation in the R2 (+5%) at highest 
concentration. Furthermore, a dose-dependent root stimu-
lation or inhibition was observed in response to increasing 
concentration of aqueous microalgal extracts. This pattern 
was particularly noticeable in strain N5 – Scenedesmus sp., 
where the highest stimulation in R1 occurred at 0.1 g L−1 
(+15%), while in R2 it peaked at 0.3 g L−1 (+15 %). These 
results suggest that the optimal concentration for this extract 
likely falls between those concentrations.
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Fig 1.   Effect of various microalgal extracts on A. thaliana roots. 
A. thaliana root growth response was tested using 15 aqueous micro-
algal extracts, prepared from two independent cultivations and 
applied at three concentrations (0.1 g L−1, 0.3 g L−1 and 0.5 g L−1). 
The normalization was carried out by comparing the root tip elon-

gation of the plants treated with microalgal extract to that of control 
plants and the results were expressed as a percentage. The asterisks 
indicate the statistical significance after Kruskal-Wallis test and 
Dunn’s test with Bonferroni adjustment (* = p-value < 0.05; ** = 
p-value < 0.01; *** = p-value < 0.001).
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Synchronised performance of A. thaliana root 
elongation within microalgal extract replicates

The root assay results showed consistent trends in stimula-
tory or inhibitory effects across two independently grown 
replicates (R1 and R2) of 15 microalgal strains. This consist-
ency prompted a further investigation, whether the observed 
trends were statistically significant. To better understand the 
patterns in the data, a multidimensional scaling (MDS) (Fig 
2) was used, which enabled reconstructing the data topol-
ogy and defining similarity matrices within the root assays, 
thereby clarifying the underlying trends.

Initially, the optimum number of the clusters was deter-
mined based on Elbow and Silhouette methods and root 

tip elongation levels are optimally represented by two 
clusters (supplementary data S4). Once the optimal num-
ber of clusters has been determined, K-means clustering 
method and MDS were applied to the combined dataset. 
This dataset included root tip elongation data from the 
plants treated with different microalgal extracts and their 
respective controls. After dimensional reduction, the data 
from two biological replicates showed distinct clustering 
patterns. Approximately 93% of the R1 samples clustered 
within Group 2 (yellow), whereas 77% of the R2 sam-
ples clustered in Group 1 (blue). This separation suggests 
a clear difference between R1 and R2, although a slight 
overlap between clusters likely reflects similar root tip 
elongation responses in the control plants.

Fig 2.   The multidimensional scaling (MDS) plot of A. thaliana 
root tip elongation data. MDS was performed with K-means clus-
tering on a dataset containing plants treated with different microalgal 
extracts and their respective controls. The optimal number of clusters 

was determined to be two, based on the Elbow and Silhouette meth-
ods. Most samples from R1 fall into the group 2 (yellow) while most 
samples from R2 fall into the group 1 (blue).
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Seasonal variation patterns of A. thaliana root 
length under controlled conditions

After confirming the clear difference between R1 and R2, to 
examine if the timing of the root assays (screening period) 
is correlated with the root growth responses, a time series 
analysis was applied to the dataset from all plants includ-
ing controls. Figure 3a shows monthly root tip elongation 
presented as boxplots grouped by applied extract concentra-
tions to visualize potential seasonal dynamics. The red trend 
lines illustrate overall trends over time. Analysis of root 
tip elongation boxplots across all treatments and controls, 
along with the four trendlines representing each treatment 
and control group, demonstrates that the root tip elonga-
tion was more stable during summer months (July, August), 
with the trendlines providing the clearest illustration of this 
pattern. This stability is further reflected in the relatively 
uniform root tip lengths, with only slight variation across 
measurements. A minor increase in root tip elongation was 
observed towards September (Fig 3a). The primary root 
elongation decreased during autumn and winter (October, 
November, January). As the season shifted to late winter 
(February), root tip elongation increased once more (Fig 
3a). Fig 3b clearly demonstrates this trend, with a seasonal 
pattern becoming apparent: the first two images (July and 
August) show a more stable growth period, while the latter 
two images (November and February) correspond to periods 
of either significantly reduced or enhanced root tip elonga-
tion in control plants. A seasonal pattern, similar to that 
observed in primary root elongation, was also evident in 
lateral root development (Fig 3c), supporting the occurrence 
of circannual growth in A. thaliana.

Minor differences in controlled growth conditions (light, 
temperature, and humidity) of A. thaliana seeds were 
observed between R1 (summer) and R2 (autumn/winter), 
with R2 showing slightly higher temperatures (< 0.75 °C) 
and slightly lower humidity (< 5%) (supplementary infor-
mation S5). However, these variations remained within a 
narrow, stable range and are unlikely to have influenced A. 
thaliana root growth. The sealed MS media plates provided 
a stable microclimate, supporting the conclusion that short-
term seasonal spikes in root tip elongation observed in Sep-
tember and February were not correlating by external envi-
ronmental variations.

The root tip elongation assays with microalgal biomass 
extract from R1 were performed between July and Septem-
ber, whereas the assays with biomass extract from R2 took 
place during October to February period. This introduces 
potential seasonal bias into the analysis of biological rep-
licates. However, all microalgal biomass replicates were 
grown under controlled summer conditions, and harvested at 
matching growth stages to maximize comparability (supple-
mentary information S1). Therefore, the observed seasonal 

variation in root elongation is more likely attribute to the A. 
thaliana plants themselves rather than differences in the 
microalgal biomass.

To assess potential temporal dependencies in the root 
development data, autocorrelation function (ACF) was cal-
culated for primary root tip elongation and lateral root count 
(Fig 4). The ACF plot for primary root elongation (Fig 4a) 
shows statistically significant autocorrelations (p < 0.05) at 
lags 1 to 5, with values exceeding the 95% confidence inter-
val (dotted horizontal line). The gradual decay in autocor-
relation indicates a time-dependent structure in the data, and 
alternating positive and negative peaks suggests the presence 
of seasonality. A similar trend was observed for lateral root 
amount (Fig. 4b), with autocorrelation gradually decaying 
up to lag 7, although the absence of negative values points to 
a weaker seasonal effect in lateral root formation compared 
to primary root elongation.

Principal component analysis separates A. thaliana 
root elongation data into distinct clusters

To simplify the dataset, reduce noise and identify underly-
ing growth patterns, given the seasonal variability impacting 
root tip elongation, a Principal Component Analysis (PCA) 
was performed on both the combined R1 and R2 datasets 
and the individual replicates, R1 and R2 separately.

When grouping the combined data of R1 and R2 based 
on extract concentration (Fig 5a), the different concentra-
tions of microalgal extract treatments formed distinct clus-
ters at a 95% confidence interval. The analysis was focused 
on the first two principal components (PCs) based on their 
eigenvalues (supplementary data S6). In this context, PC1 
and PC2 combined explained most of the variation in the 
dataset (28 %). While the 0.1 g L−1 and 0.3 g L−1 treat-
ments showed overlapping indicating no apparent distinc-
tion between the groups based on the principal components. 
They also partially overlap with the control group, however 
the cluster associated with the control group remains slightly 
shifted along PC2 and somewhat distinct suggesting subtle 
differences.

Separate PCAs were performed for each replicate, R1 
and R2 (Fig 5b and 5c), revealing both consistent patterns 
and some discrepancies between the replicates. Following 
eigenvalue analysis (supplementary data S6), attention was 
directed to the first two PCs which explained 26% of the var-
iance in R1, and 30% in R2. A consistent form across both 
R1 and R2 was noticed as distinct clustering of the 0.5 g L−1 
treatment, indicating the same subset pattern also in the level 
of replicates. Another similarity between the PCAs from the 
separate replicates is the overlapping clusters formed by 0.1 
g L−1 and 0.3 g L−1 treatments, suggesting a similar response 
pattern at these lower concentrations. However, the repli-
cates differed from each other in the clustering of the control 
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Fig 3.   Seasonal dynamics of primary root elongation and amount 
of lateral roots of A. thaliana in response to extracts. (a) Boxplot 
illustrating seasonal variation in primary root tip elongation (mm) 
across treatments. Treatment concentrations are color-coded (green 
shades), with the control in light yellow. LOESS curves (red) show 
temporal trends. The vertical shaded areas indicate the two replicates 
(R1 with blue and R2 with purple). (b) RGB images of A. thaliana 

control seedlings at day 7. Images of seedlings taken in November 
and February reflect differences observed over time compared to 
those taken in July and August. Scale bar = 20 mm. (c) Boxplot show-
ing seasonal variation in amount of lateral roots across treatments. 
The interpretation of the figure follows the same approach as the time 
series analysis from primary root tip elongation.
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group. In R2, the control group formed a more distinct and 
clearly separated cluster, whereas in R1, it overlaps partially 
with the 0.1 g L−1 and 0.3 g L−1 treatment clusters. The key 
difference between R1 and R2 was the spatial separation of 
all the clusters. R2 showed greater inter-clustering distances, 
suggesting a potential treatment effect or a more pronounced 
distinction of the response profiles. This distinction in R2 
might be caused by variations in growth seasons, which 
could have amplified treatment-related differences and led 
to more distinct data patterns.

This analysis showed that the 0.1 g L−1 and 0.3 g L−1 
treatments cannot be analyzed in a statistically significant 
manner as they could not be reliably distinguished from the 
control due to overlapping values. However, the 0.5 g L−1 
treatment consistently formed a distinct cluster, both in the 
combined and separate replicate analysis. This clear separa-
tion allowed the pooling and further analyzing the biological 
replicates from 0.5 g L−1 treatment even in the presence of 
seasonal growth variation.

Despite seasonal variation the screening 
consistently revealed two promising candidates 
for future biostimulant assessment

As demonstrated by PCA, root tip elongation data from R1 
and R2 for the 0.5 g L−1 treatment group can be combined 
despite seasonal variation. The data pooling allows a larger 
sample size, and thus provides a more robust and generalized 
view of the effect of treatments. Figure 6 displays the stimu-
lation and/or inhibition observed in the 0.5 g L−1 treatment 
group, calculated as previously described.

All the cyanobacterial strains belonging to the Nostocales 
order (strains H1 - Nostoc sp., H2 - Nostoc sp., H6 - Nos-
toc sp., H7 - A. variabilis and H8 - Nodularia sp.) have a 
strong plant growth inhibiting effect (from −20% to −40%). 
Strains in the Sphaeropleales order (N1 - Selenastrum sp., 
N5 - Scenedesmus sp., N6 - T. obliquus and N7 M. contor-
tum) mainly inhibit plant growth (from −12% to −30%), 
except for one strain, N7 M. contortum, which has a slightly 
stimulating effect (+5%). The strains in Chlamydomon-
adales order (N9 - H. lacustris, N13 - D. tertiolecta and 
N20 - D. salina) have similar effects as the strains in the 
Sphaeropleales order (from +3% to −30%). There is slight 
stimulation with strains from Chlorellales (N8 - A. lobatus, 
+8%) but the strains that have the strongest plant growth 
stimulating effect belong to the Porphyridiales (N12 - P. 
purpureum with +15%) and Chlorococcales (N3 - Chloro-
coccum sp. with +45%) orders.

Discussion

Diversity provides options  The vast diversity of micro-
algae presents considerable potential for the development of 
plant biostimulants that support more sustainable agricul-
tural practices (Ronga et al. 2019). To harness this poten-
tial efficiently, rapid screening approaches are essential for 
evaluating the bioactive properties of diverse strains. In this 
study, Chlorococcum sp. and P. purpureum were identi-
fied as promising strains for biostimulant formulations, as 
they consistently showed positive results across both inde-
pendent experiments (R1 and R2 extracts) and at all tested 

Fig 4.   Autocorrelation function (ACF) plot of (a) primary root 
tip elongation over time and (b) amount of lateral roots over time. 
The x-axis represents the time lags (number of time steps between 
observations), and the y-axis shows the autocorrelation values. Signif-
icant correlations are indicated by values outside the 95% confidence 

interval (dashed horizontal line). Both plots reveal a gradual decay 
in autocorrelation, suggesting a dependence over time in the data. 
Potential seasonal pattern indicated by alternating positive and nega-
tive values is stronger in the plot containing data from primary roots
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concentrations. While M. contortum and A. lobatus showed 
promising trends, statistical validation was hindered by 
seasonal variability. However, more in-depth analysis may 
reveal their full biostimulant potential.

Both of the identified top-performing species have previ-
ously been reported to display plant biostimulant proper-
ties, supporting their potential observed in this study. For 
example, C. vacuolatum improved tomato germination and 
root length (Kolman et al. 2024) and a Chlorococcum sp. 
extract enhances spinach germination (Rupawalla et  al. 
2022), likely due to high concentrations of cytokinins and 
gibberellins, hormones known to promote root cell division 
and elongation (Ubeda-Tomás et al. 2009; Takahashi et al. 
2013). Since Chlorococcum sp. (Alhattab et al. 2018) has 
a relatively resilient cellulose-based cell wall, complete 
extraction of intracellular compounds is unlikely with the 
maceration method applied in this study. Unlike harsher 
methods such as high-pressure homogenization and enzy-
matic hydrolysis, mild thermo-maceration is a gentle method 
that avoids mechanical or chemical disruption of microalgae 
cells. Instead, it primarily yields compounds with high water 
solubility, such as amino acids, mono- and polysaccharides, 
phenols, flavonoids, antioxidants and phytohormones (Cho-
vancek et al. 2024; Jamshidi‐Kia et al. 2024), all of which 
have potential biostimulant activity (Ferreira et al. 2023).

Following the positive effects observed for Chlorococcum 
sp., P. purpureum has likewise been associated with plant 
growth promotion, including enhanced A. thaliana root tip 
elongation and increased lettuce yield (Chovancek et al. 2023). 
Also, extracts from Porphyridium sp. have improved tomato 
growth by increasing root and shoot dry weight, and shoot 
length (Mutale-Joan et al. 2020; Rachidi et al. 2020). Porphy-
ridium purpureum lacks traditional cell wall structure and is 
instead encapsulated by a complex and robust polysaccharide 
capsule, which limits extraction to only easily water-soluble 
molecules during maceration (Keidan et al. 2009). Among 
these molecules exopolysaccharides (EPS) are a plausible 
source of the observed biostimulant effect (Medina-Cabrera 
et al. 2021). Algal polysaccharides support root growth and 
enhance photosynthesis (Chanda et al. 2019), and are likely 

Fig 5.   Principal Component Analysis (PCA) of root tip elonga-
tion. PCA performed using (a) the combined dataset from both repli-
cates, and (b) the dataset from R1, and (c) R2 separately. Samples are 
grouped by extract concentration, and ellipses represent 95% confi-
dence intervals for each group. When combining data from both rep-
licates (a) the clusters corresponding to 0.1 g L⁻1 (red dots) and 0.3 g 
L⁻1 (green triangles) showed partial overlap with each other and with 
the control group (purple crosses), while the 0.5 g L⁻1 (blue squares) 
cluster appeared more distinct. A similar clustering pattern was 
observed in the separate analyses of replicate 1 (b) and replicate 2 (c).

▸
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present in macerated extracts due to their solubility in warm 
water (Caetano et al. 2022). This study also revealed strains 
that had an inhibiting effect on plant growth. The strongest 
inhibition was observed with strains belonging to the Nosto-
cales. This finding contrasts with previous research, as Nosto-
cales have been reported to function as potential biostimulants 
(Silambarasan et al. 2021; Santini et al. 2022).

Accounting for seasonal variability is essential for rapid 
biostimulant screening in long‑term experiments    Bio-
logical replicates across different seasons often show simi-
lar trends but varying values, weakening conclusions and 
complicating large dataset analysis. This phenomenon was 
addressed by employing an integrative approach combining 
multivariate statistical techniques with time series analysis, 
ultimately revealing an underlying seasonal pattern. This 
strategy is valuable in long-term studies with multiple inde-
pendent biological replicates.

Seasonal variation of root growth is linked to environ-
mental factors, nutrient availability, life cycle, and presence 
of plant hormones (Walter et al. 2009; Jung & McCouch 
2013). However, despite maintaining stable growth condi-
tions (light, temperature, and humidity) within a narrow 
range throughout assays, noticeable differences related to 
seasonal variations were observed in untreated A. thali-
ana roots. These variations are possibly influenced by an 
internal circannual clock, independent of external environ-
mental factors. This endogenous mechanism has been well 
documented in Arabidopsis, in other plants species such as 
Dendrocalamus strictus, Mesembryanthemum nodiflorum. 
(Aizoaceae) and some orchids species (Rawal & Thapliyal 
2003; Gutterman 2005; Durán-Mendoza et al. 2025); and 
various organisms (Helm & Lincoln 2017; Lincoln 2019) 
even in the unicellular protist dinoflagellate Gonyaulax 
tamarensis (Andersen & Keafer 1987). Despite being well-
documented, this mechanism can be easily overlooked in 

Fig 6.   Effects of 0.5 g L−1 extract treatment on A. thaliana roots 
based on combined data from both replicates. The normalized 
effect in root growth is calculated by comparing the root tip elonga-
tion of the plants treated with microalgal extract to control plants and 
reported as percentage. Colours of the bars indicate the order of algae 

strains. PCA supports the feasibility of data merging, which helps 
mitigate seasonal effects. The asterisks indicate the statistical sig-
nificance after Kruskal-Wallis test and Dunn’s test with Bonferroni 
adjustment (* = p-value < 0.05; ** = p-value < 0.01; *** = p-value 
< 0.001; ns = not significant)
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screening approaches conducted in long-term screenings, 
where statistical tools have shown to be profoundly help-
ful in deriving relevant data from complex datasets. These 
results suggest that minimizing seasonal effects requires 
careful consideration in experimental design, prioritizing 
experiments during the natural growing season. Addition-
ally, performing all replicates within the same season will 
mitigate these pronounced seasonal variations, as growing 
seasons follow a distinct spatiotemporal pattern.

Beyond the observed seasonal pattern, the extended stor-
age time of R2 microalgal biomass, is also an important fac-
tor to consider, as it might be potentially contributing to the 
observed outcomes. Storage of Chlorella vulgaris biomass 
for over a year has been shown to enhance root promotion in 
mung bean (Vigna radiata) due to cell wall degradation and 
the increased release of bioactive compounds (Stirk et al. 
2021). In this study, the freeze-dried biomass R1 was stored 
for 14 to 16 months, while R2 was stored for a longer period 
of 15 and 19 months. It is possible that similar degradation 
processes contributed to the stronger effects seen with R2 
extracts.

Data analysis tools facilitate seasonality assessment  Explor-
atory data analysis (EDA) is considered an important pre-
liminary step before formal statistical modeling or hypoth-
esis testing, as it helps uncover patterns, relationships, and 
potential anomalies within datasets. PCA and MDS, uni-
versal tools for EDA, effectively evaluate biological repli-
cates. Replicates coded with the same colors should cluster 
together along the same dimensions, indicating consistency 
and reproducibility. Furthermore, time series analysis meth-
ods such as ACF plots are important for detecting tempo-
ral patterns, including seasonality. The results of this study 
highlight the usefulness of ACF plots in identifying seasonal 
effects, suggesting that similar analyses could reveal hidden 
seasonal trends in other long-term datasets as well. Together, 
these EDA tools enhance the reliability and interpretation of 
complex biological experiments.

Conclusion

This study demonstrated that aqueous microalgal extracts 
from Chlorococcum sp. (N3) and P. purpureum (N12) at 
a concentration of 0.5 g L⁻1 significantly enhanced root 
elongation in A. thaliana, while also revealing significant 
seasonal variations most possibly sensed by plants via 
endogenous mechanisms even under controlled growth con-
ditions. By acknowledging and addressing this variability, it 
is possible to improve the robustness and reproducibility of 
fast screening root/germination assays. Future studies could 
benefit from applying time series analysis with the autocor-
relation function (AFC) when long-term experiments require 

extended timelines, as this method provides a valuable tool 
for mitigating seasonal effects and enhancing data reliability.
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