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Diatoms are crucial in global primary productivity and carbon sequestration, contributing significantly to marine food webs and biogeochemical cycles. With the projected increase in sea surface temperatures, climate change poses significant threats to these essential organisms. This study investigates the photobiological responses of nine diatom species to rapid changes in light and temperature, aiming to understand their adaptability and resilience to climate-induced environmental fluctuations. Using a high-throughput phenoplate assay, we evaluated the maximum quantum yield of photosystem 2 (Fv/Fm), non-photochemical quenching (NPQ) and additional photosynthetic parameters under varying temperature conditions. Our results revealed significant variability in the photophysiological responses among the species, with temperature emerging as a dominant abiotic factor relative to light, accounting for 13.2%–37.5% of the measured variability. Measurements of effect size of temperature and light on Fv/Fm showed that there is additional significant innate variability in the samples when a homogeneous culture is fractioned in 384 subpopulations. Furthermore, hierarchical clustering analysis of the effect size of temperature, light and innate variability on all measured photosynthetic parameters identified two distinct diatom groups. One group exhibited strong interaction between light intensity and temperature, suggesting active synergetic mechanisms to cope with fluctuating environments, while the other showed potential limitations in this regard. These findings highlight diatoms’ diverse strategies to optimize photosynthesis and manage light and thermal stress, providing insights into their potential responses to future climate scenarios. Furthermore, we demonstrate that using the method presented in this work we can functionally cluster different diatom species.
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INTRODUCTION
Diatoms are a group of single-celled silicified phytoplankton renowned for their ecological significance and diversity. They contribute significantly to global primary productivity, responsible for 20% (Matsuda et al., 2014) of it, and play a pivotal role in ocean carbon fixation, accounting for up to 50% (Bach and Taucher, 2019) of the total. With an estimated 200 000 (Guiry, 2012; Armbrust, 2009) species, out of which 18 186 are taxonomically defined (Guiry, 2024), diatoms are fundamental to marine food webs, biogeochemical cycling, and carbon sequestration.
Climate change poses significant threats to marine ecosystems, with projected increases in sea surface temperatures of over 1°C over the next century (Kay et al., 2023). Diatoms, producing the majority of biomass resources in aquatic systems, are essential to sustaining higher trophic levels. The survival and growth rates of Southern Ocean diatoms under simulated heatwaves were shown to be influenced by thermal exposure and genetic variation (Samuels et al., 2021). Recent studies have highlighted the impact of marine heatwaves on diatom communities, showing that prolonged exposure to elevated temperatures can lead to significant shifts in community composition and function (McCabe et al., 2016). Their biological responses to temperature changes have been documented at community levels and are well known to have detrimental effects on photodamage and repair of their photosystems (Bártolo et al., 2023).
Given the dual possibilities of diatom resilience or vulnerability to climate change, understanding their limits and adaptability is crucial. Current projects focusing on diatom gene function, evolution, and diversity are extensive (Falciatore et al., 2019), yet they often lack insights into how diatoms will react phenotypically to climate-induced changes.
Recent research has highlighted the challenges and solutions for high-throughput phenotyping of diatoms and other microalgae. Rapid light curves and other chlorophyll fluorometry techniques are widely used to assess photosynthetic performance and stress responses (Consalvey et al., 2005; Morris and Kromkamp, 2003). Novel platforms like Phenoplate, PhenoChip, and LIFT-FRRf enable simultaneous assessment of multiple environmental factors on algal physiology (Herdean et al., 2022; Behrendt et al., 2020; Suggett et al., 2022). These methods can reveal species-specific thermal sensitivity thresholds and pH optima for photosynthesis (Behrendt et al., 2020). Temperature significantly affects photosynthetic parameters, particularly maximum photosynthesis rates (Morris and Kromkamp, 2003). Integrating multiple trait measurements, including growth rate, cell size, and photophysiology parameters, into a single workflow allows for efficient phenotyping of microalgae (Argyle et al., 2021a; Hoch et al., 2023). These advancements contribute to understanding diatom adaptability to environmental changes and support efforts in biotechnology and ecological research (Hoch et al., 2023).
This study aims to fill part of this phenome research gap by investigating the photobiological responses of nine diatom species to fast temperature and light changes using a simple and statistically powerful assay. Additionally, we quantify the impact of thermal and light stress, and the temperature-light interaction on photosynthesis using effect size determined from analysis of variance. By examining these responses, we aim to enrich our understanding of diatom response to climate change driven fluctuations in temperature and to get a measure of the diverse responses different diatom species have.
MATERIALS AND METHODS
Phenoplate measurements were carried out using an Open FluorCAM (PSI, Brno, Czech Republic) in conjunction with a 384-well thermocycler (Mastercycler 384 Gradient, Eppendorf, Germany) as previously described (Herdean et al., 2023). Each plate (Hard-Shell 384-well PCR plate, HSP3805, Biorad, United States) was loaded using a liquid reagent dispenser (Welljet, Integra, Australia) by dispensing 40 μL of a well-mixed culture into each well. The cultures were subfractioned directly from a single source into 384 wells, ensuring uniform distribution and to avoid unequal loading. Each plate contained a culture from a single diatom species and was measured immediately after fractioning, without further incubation or growth. Temperature and light calibrations were carried out using a thermal camera (FLIR C2, Teledyne FLIR, LLC, Wilsonville, OR, United States) and a light meter (LI-COR Biosciences, United States). The temperature profile during the measurements was 18°C for 10 min in darkness with an Fv/Fm measurement at the end of the step, followed by 5 min in various temperatures across the 384-well plate (10.6°C–29.3°C) in darkness, followed by another Fv/Fm measurement; temperature across the plate are shown in Supplementary Table S1. These steps were followed by a 14-step rapid light curve (8–1,280 µmol photons m−2 s−1 broad spectrum white actinic light, from the fluorometer LED array), each step was 60 s with pulse amplitude modulation fluorometry (PAM) measurements after every cycle. Fv/Fm values from light-adapted steps during the rapid light curve were calculated according to the work of Oxborough (Oxborough, 2004).
Calculation of partial eta squared (η2) was carried using IBM SPSS Statistics (Version 28.0.1.1 (14), IBM, Armonk, NY, United States) using the Generalized Linear Mixed Model, with temperature, light, and temperature and light interaction as fixed factors (categorical variables). The diatom culture and well position in 384-well plate were considered random effects, and were quantified accordingly. Each photosynthetic parameter was analysed as a target variable with significance level set at 0.05 (confidence interval at 95%). Temperatures were averaged to the closest integer and resulted in 20 categorical levels; light was measured above each one of the 384-wells (Supplementary Table S1) and values were rounded to increments of 10 µmol photons m−2 s−1, resulting in 120 categorical levels. Hierarchical clustering was performed in OriginPro (Version 10.0.0.154 Academic, OriginLab, Northampton, MA, United States).
The nine diatom species provided by the 100 Diatom Genomes Consortium, Achnanthes brevipes var. intermedia (Toyoda and Williams, 2004; Lee et al., 2013), Mayamaea atomus (Bagmet et al., 2021; Bodnar et al., 2011), Nitzschia palea var. fonticola (Trobajo et al., 2009; Trobajo et al., 2006), Entomoneis sp. (Mejdandžić et al., 2018), Grammatophora marina (Sato et al., 2008; Abu Affan et al., 2006), Navicula arenaria var. rostellata, Cylindrotheca fusiformis (Claquin et al., 2004; Smith and Melis, 1988; Duan et al., 2023), Nanofrustulum trainori, and Plagiogramma staurophorum (Kaczmarska et al., 2017) were maintained under controlled light and temperature conditions. The cultures were grown in an Eppendorf Innova incubator (S44i, Eppendorf South Pacific Pty. Ltd., NSW, Australia) under a light intensity of approximately 20 μmol photons m−2 s−1, for all diatoms except C. fusiformis which was grown in 50 μmol photons m−2 s−1. The light:dark cycle was 18:6 h, with a growth temperature of 18°C, except for C. fusiformis, which was cultured at 23°C. Freshwater diatoms M. atomus and N. palea var. fonticola were cultured in MLA growth media with silica; all other diatoms were cultured in F/2 with silica. Culturing was done in conical glass 150 mL flasks.
Phylogenetic tree has been constructed based on two genes including 18S ribosomal RNA gene and ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit gene (rbcL) curated from NCBI (Supplementary Table S2). There is no genetic sequence for N. trainori; thus, Nanofrustulum shiloi were used for constructing the tree. The two sequences were aligned separately via mafft version 7.526 (Katoh and Standley, 2013) and concatenated via seqkit version 2.8.2 (Shen et al., 2016). Maximum likelihood tree was constructed via IQ-tree version 2.3.3 (Nguyen et al., 2014) and maximum parsimony tree was constructed via mpboots version 1.1 (Hoang et al., 2018). Both approaches were bootstraped 1,000 times and plotted in R version 4.4.1 (Team, 2023) using ggtree (Yu et al., 2017).
RESULTS
To investigate the effects of rapid temperature and light fluctuations on diatom photosynthesis, we employed a high-throughput Phenoplate assay, as illustrated in Figure 1. The method has been previously described and used on various organisms (Herdean et al., 2022; Herdean et al., 2023; England et al., 2024) however, this is the first instance where algal cultures are fractioned in 384 subcultures and measured individually. This allows to quantify the innate (natural) and induced (by temperature or light) variability observed in photosynthetic parameters.
[image: Figure 1]FIGURE 1 | Schematic representation of experimental procedure. Briefly, diatoms were grown in triplicate at 18°C at 20 or 50 µmol photons m−2 s−1 (µE), each replicate was distributed on to a 384 well-plate, which was placed on to a thermocycler. A sequence of temperature changes was carried out by the thermocycler while a pulse amplitude modulated fluorometer (PAM) imaged the samples, as described in materials and methods. Example Fv/Fm data from C. fusiformis is shown on the right side of the figure at 4 time points during the experiment. Colour scaling of images (0.2–0.7) indicates Fv/Fm values, as denoted by the colour bar.
The maximum quantum yield of PSII (Fv/Fm) was assessed for nine diatom species following a 10-min dark adaptation period at 18°C (Figure 2). This temperature matched the growth temperature, selected because it falls within the natural environmental range in which these diatoms are known to thrive. We measured Fv/Fm values of 1,152 individual samples for each species and were able to separate them statistically in 7 distinct groups (Figure 2, statistical significance). Notably, Entomoneis sp. and G. marina exhibited statistically similar Fv/Fm values, suggesting similar photosynthetic efficiencies under the experimental conditions. Likewise, M. atomus and N. arenaria var. rostellata also showed comparable Fv/Fm values, forming another distinct group. The differences among species were statistically significant, as determined by ANOVA and Tukey’s post hoc test (p > 0.05), emphasizing the variability in photosynthetic performance across different diatoms.
[image: Figure 2]FIGURE 2 | Maximum quantum yield of PSII. Fv/Fm values of all diatom species after 10 min of dark adaptation at 18°C. Values show that the diatoms have distinct PSII efficiencies with Entomoneis sp. and Grammatophora marina being statistically identical, as well as M. atomus and N. rostellata showing similar Fv/Fm values. Letters on top of box plots show the statistical groups determined by ANOVA Tukey test p > 0.05. Number of replicates was 1,152 for each species.
Following the 10 min in dark at 18°C, the protocol continued with 5 min in dark at various temperatures (Supplementary Table S1) after which we measured Fv/Fm, and continued with a rapid light curve at the new temperatures (Figure 1).
The effect sizes (η2) of temperature, light, and their interaction on Fv/Fm were analysed and are presented in pie charts (Figure 3; raw data available in Supplementary Table S3). The analysis revealed that, in all diatom species, 16.2%–31.8% of the variability in Fv/Fm could not be explained by temperature, light or random effects. This unexplained variability, represented by the mustard-yellow section of the charts, is likely indicative of the innate, natural variability within the population (Figure 3). A significant contribution to the observed variability originated from the culture itself (3 total cultures), with the highest contribution observed in P. staurophorum (31.8%). Conversely, the lowest culture-induced variability was seen in N. trainorii and N. fonticola, suggesting these species exhibited more homogeneous biological replicates. The effect size of the culture fractioning in the wells, quantified as a random factor, was neglectable in most diatoms, with the exception of Entomoneis sp., where 36.8% of the effect size in Fv/Fm was attributed to the well position (Figure 3).
[image: Figure 3]FIGURE 3 | Effect size of temperature, light and temperature-light interaction on Fv/Fm. Pie charts showing the effect size (η2) as a percentage of total measured variability. The contribution of temperature is shown as dark grey, light as red, interacting effect of light and temperature as blue, random effect of the culture as green, random effect of the well position as purple, and the natural variability as mustard yellow. Effect size (Partial Eta Squared, η2) was calculated using results from a Generalized Linear Mixed Model analysis performed in SPSS (see Supplementary Table S3 for calculations).
Between temperature and light, temperature was the dominant driver of variability in Fv/Fm. Its contribution ranged from 13.2% in Entomoneis sp. to 37.5% in N. trainori. The interaction between light and temperature was a more significant factor than light alone across all species, accounting for 4.6%–15% of the variability. Overall, the emerging trend in effect sizes indicates the following hierarchy: temperature had the largest impact, followed by the interaction between temperature and light, while light alone had the smallest effect.
Hierarchical clustering of the effect sizes of temperature and light on photosynthesis was performed to identify patterns and groupings among the diatom species (Figure 4). The clustering utilized effect sizes of temperature, light, temperature-light interaction, and natural variability for photosynthetic parameters such as Fv/Fm, effective PSII quantum yield (Y(II)), non-photochemical quenching (NPQ), fraction of open PSII centers based on a lake model (qL), and coefficient of non-photochemical quenching (qN). The analysis revealed that diatom species could be grouped into clusters based on their photophysiological responses. Species within the same cluster exhibited similar response strategies to temperature and light variations. This suggests that certain diatoms have evolved comparable mechanisms for optimizing photosynthesis and managing light stress. These groupings provide insights into the adaptive strategies employed by different diatoms.
[image: Figure 4]FIGURE 4 | Hierarchical clustering of effect size of temperature and light on photosynthesis. The effect size of temperature (dark grey), light (red), temperature and light interaction (blue), as well as the natural variability (green) of Fv/Fm, Y(II), NPQ, qL, and qN were used to perform the hierarchical clustering. Random effects (purple), as shown in the pie charts, was not used for hierarchical clustering since its effect is not a functional one in the organisms. Pie charts show the effect size as a percentage of total measured variability of all 9 diatom species taken together (largest chart at the top of the figure) and smaller statistical clusters. Pie charts are positioned at the separation points in the dendrogram and represent the effect size distribution of the species in that subset. Numbers above the largest pie chart and on the two main branches indicate the average ratio of temperature: light: light and temperature effect sizes. The vertical axis of the dendrogram show statistical distance with arbitrary units.
DISCUSSION
Diatoms exhibit remarkable diversity in photosynthetic strategies, reflecting their ecological adaptations to variable light and temperature conditions. They have a unique adaptation in how they perform photosynthesis at the carbon fixation level (Reinfelder et al., 2000) and at the light capture level (Fisher et al., 2021). Measurements of photosynthetic traits, such as Fv/Fm and NPQ are extremely powerful at revealing the diverse strategies that diatoms employ to thrive in various environments (Kropuenske et al., 2009). Photoprotective traits (NPQ, qN) and PSII related traits (Fv/Fm, Y(II), qL) have been surprisingly good indicators of the diverse strategies diatoms use to acclimate to their environments (Croteau et al., 2021; Mackey et al., 2008). These traits are also well known to exhibit powerful and heterogeneous responses to light and temperature in a species-dependent manner (Blommaert et al., 2021; Zeng et al., 2020; Argyle et al., 2021b).
In this work, we choose nine different species of diatoms to investigate the level of diversity in their response to light and temperature. Of the nine species, one had previously documented photosynthesis measurements (C. fusiformis (Duan et al., 2023)), seven have documented physiological traits (A. brevipes var. intermedia (Toyoda and Williams, 2004; Lee et al., 2013), M. atomus (Bagmet et al., 2021; Bodnar et al., 2011), N. palea var. fonticola (Trobajo et al., 2009; Trobajo et al., 2006), Entomoneis sp. (Mejdandžić et al., 2018), G. marina (Sato et al., 2008; Abu Affan et al., 2006), C. fusiformis (Claquin et al., 2004; Smith and Melis, 1988; Duan et al., 2023), P. staurophorum (Kaczmarska et al., 2017)), and two are for the first time documented in this paper (N. trainori, N. arenaria var. rostellata). The 100 Diatom Genomes consortium, which aims at sequencing 100 new diatom species, provided the pool of diatoms.
The two freshwater diatoms (M. atomus and N. palea) had different initial Fv/Fm values, but similar patterns in the effect size on Fv/Fm. However, when considering all photosynthetic parameters combined the two species diverged phenotypically to the extent that they were statistically in different clustering branches. Both had ∼35% variability in Fv/Fm coming from temperature, ∼10% from light and ∼13% from the light and temperature interaction. The rest of the variability was partly from variability between cultures but also a significant portion from natural variability, which is ultimately a measure of population heterogeneity.
Temperature was generally expected to have a high effect size (Herdean et al., 2023), which was the case in all diatom species. Considering that temperature was changed abruptly by ±10°C relative to the growth temperature, this points towards a strong response mechanism to rapid temperature fluctuations. These results indicate either specialised response mechanisms to temperature change or increased plasticity to adapt photosynthetic reactions to new temperatures (Wolf et al., 2022).
Interestingly, the interaction between light and temperature showed diverse impacts across the diatom species, with N. trainori exhibiting the highest interaction effect size at 15%. This suggests that some diatoms may have evolved sophisticated mechanisms to cope with simultaneous changes in light and temperature, which could be a critical adaptive strategy in fluctuating environments (Arromrak et al., 2022). These findings may also point to some diatoms employing a form of “photothermal synergy” where the combined effects of light and temperature exceed the sum of their individual impacts. This synergy could enhance the photosynthetic performance and overall fitness of diatoms in dynamic marine environments, allowing them to capitalize on transient conditions of high light and optimal temperatures. Conversely, the synergetic effect of light and temperature may be negative and therefore leading to a faster collapse of the culture. Such synergetic effects would provide a pivotal advantage or disadvantage for diatoms in rapidly changing ecosystems. Surprisingly, the effect of light was lower than temperature and temperature-light interaction when Fv/Fm was considered independent of all other photosynthetic parameters. However, when taken together with NPQ, Y(II), qN and qP the effect size of light was in all cases greater than the combined effect with temperature, as shown in the hierarchical clustering analysis. This highlights how interconnected light and temperature are in photoadaptive plasticity, and that temperature modulates the response to light. This type of plasticity allows diatoms to dynamically adjust their photosynthetic apparatus to cope with varying light conditions, a key factor in their ecological success. Modulating physiological responses, such as pigment composition and non-photochemical quenching, enables diatoms to optimize photosynthesis across different light intensities (Giovagnetti et al., 2014; Derks and Bruce, 2018).
Hierarchical clustering of the effect sizes revealed two distinct groups of diatoms based on their photophysiological responses. One group (M. atomus, C. fusiformis, N. trainori) which showed a distribution of temperature to light to light-temperature of 3:2:1, and a second group (N. fonticola, G. marina, A. intermedia, Entomoneis sp., N. arenaria, P. staurophorum) with an effect size distribution of 3:1:1. This branching of phenotypes was driven by the interaction between light and temperature. In the smaller group, light has a larger effect size relative to the interaction between light and temperature. This may suggest that these species are primarily adapted to environments where light and temperature vary significantly but not necessarily in tandem, such as shallow coastal waters with dynamic light conditions and fluctuating temperatures (e.g., tidal or seasonal changes). In contrast, the larger group, where the effect sizes of light and its interaction with temperature are approximately equal, suggests that these species might be more common in environments where temperature varies more than light. Another remarkable difference was in the increased natural variability in the larger group indicating potential limitations in their ability to adjust to changing light environments using specific response mechanisms. This natural variability-based response strategy to environmental fluctuations is particularly interesting because it employs population heterogeneity as a resilience and survival mechanism. This dual response strategy suggests that diatoms employ diverse strategies to cope with changes in light intensity and temperature, which likely contributes to their wide spread survival. Lastly, we compared the phenotypic clustering with a phylogenetic tree of the same species and found very little resemblance (Supplementary Figure S1), further emphasizing the importance of phenotypic clustering.
In this work we used a rapid Phenoplate (Herdean et al., 2022) assay, with high replicate numbers and a robust statistical analysis to probe the effect size of two of the most important abiotic factors controlling biological activity of diatoms: temperature and light. The results presented show a diverse response of diatoms to these factors, and their interacting effect. We quantified the natural variability in photosynthetic responses, which was particularly pronounced in some species. We hypothesize that this variability stems from the heterogeneous composition of their populations. Future research could further explore the mechanisms driving this variability which could occur through genetic or epigenetic diversity, acclimation processes, and microhabitat variability. Furthermore, phenotypic clustering provided a novel functional dimension that gene-based phylogenetic trees alone are not able to capture. While phylogenetic trees offer insights into the evolutionary relationships and shared ancestry among species, they do not necessarily reflect the current adaptive strategies or physiological performance of organisms in their specific environments. The phenotypic clustering approach revealed that species with similar evolutionary histories might adopt vastly different functional responses to environmental stimuli, such as light and temperature, due to distinct adaptive capacities and ecological strategies. This underlines the importance of integrating phenotypic data with phylogenetic information to gain a more comprehensive understanding of species’ ecological roles and adaptive potential. Additionally, the presented assay can be expanded to quantify the effect size of nutrients, CO2, microbiome or other biotic factors on photosynthesis in diatoms. Understanding how these factors interact could unlock new insights into the resilience and adaptability of diatoms under future climate change scenarios.
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