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Abstract 
Southern Ocean temperatures are rising due to climate change. Increasing temperature can alter 

diatom physiology and survival, subsequently affecting primary productivity and distributions. 

Diatoms are important primary producers and their composition mediates energy and nutrient 

transfer to higher trophic levels. Diatom physiology and macromolecular composition are useful 

indicators for demonstrating and modelling microalgal response to climate change. Using pulse 

amplitude modulated fluorometry and Attenuated Total Reflectance - Fourier Transform Infrared 

(ATR-FTIR) spectroscopy, I characterised the physiological response and macromolecular 

composition of the Antarctic diatom, Corethron pennatum cultured at 0 °C to 5°C. The ATR-FTIR 

generated data were used to create spectroscopy-based predictive models. The photosynthetic 

capacity of C. pennatum decreased as temperatures increased, while all cultures eventually failed 

at 5 °C. As growth temperature increased, unsaturated fatty acid concentrations generally 

increased, and protein levels decreased slightly. Lipid levels were lowest at the coldest growth 

temperatures. These findings, particularly the unusual lipid unsaturation at the highest 

temperatures, show that C. pennatum physiology may differ from many diatoms. Additionally, the 

model demonstrated a high predictive power (R2 = 0.98), showing that macromolecular composition 

of C. pennatum is a useful intracellular marker that could be used to model microalgal response to 

climate change.  
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Introduction 
Aquatic photoautotrophs contribute half of all global primary productivity, supporting marine food 

webs via oxygenic photosynthesis (1). Microalgae are responsible for most of this primary 

productivity and 40% is attributed to diatoms (2 and references therein). Diatoms also supply 

around 20% of global oxygen and remove vast amounts of CO2 from the atmosphere (3-5). They are 

also intrinsic to both carbon and silica cycles, particularly in polar environments where diatom 

abundance is high (6, 7).  

Thermal responses of many Antarctic species, particularly microalgae, remain relatively unknown 

(8). In order to model ecosystem responses to temperature shifts associated with climate change, 

species-specific data are essential (9, 10). An understanding of acclimation strategies and thermal 

effects on cell-physiology is important for predicting potential shifts in biogeographical boundaries 

and function, which can affect food webs and biogeochemical cycles (9, 11). The predicted 

temperature increases in the Southern Ocean (12, 13) warrant the investigation of the effects of 

temperature on Antarctic diatoms, particularly as they comprise the base of the food chain (14).  

This study aims to demonstrate changes in the growth rate, photosynthetic capacity (photosynthetic 

efficiency, light harvesting efficiency, relative maximum electron transport rate) and 

macromolecular composition (protein, lipid and carbohydrate content) of the Antarctic diatom, 

Corethron pennatum in response to different growth temperatures. Additionally, I briefly review the 

development and use of Attenuated Total Reflectance - Fourier Transform Infrared (ATR-FTIR) 

spectroscopy (and relevant chemometric methods), to illustrate the potential for its application to 

studies involving microalgal physiology, particularly within the field of microbial ecology. 

Additionally, I used spectroscopy-based Partial Least Squares Regression (PLSR) predictive models, 

to determine whether ATR-FTIR can effectively demonstrate the relationship between diatom 

physiology and growth temperature. 

Effects of climate change on Southern Ocean temperature 
Temperatures in regions of the Southern Ocean have risen in recent decades and temperature in 

the entire Southern Ocean is predicted to rise under climate change. Southern Ocean sub-surface 

temperatures have risen almost twice as fast as global ocean temperatures over the last 50 years 

(12). The Antarctic Peninsula has sustained the greatest impact from rapid global climatic warming 

experienced over the last few decades (15-17). Average summer water temperature near the 

Western Antarctic Peninsula has risen over 1°C since the 1950s (18); although no statistical change 

or even weak cooling has occurred in some Southern Ocean regions. Some areas may continue to 



6 
 

cool but others are predicted to increase by an average of 0.03 °C to 0.14 °C per decade (dependent 

on climate sensitivity) by the end of the century if global CO2 reduction targets are not met (13). 

This could have profound effects on Southern Ocean ecosystems. 

Effects of temperature on microalgal distribution 
Changes in ocean temperature (amongst other factors) directly affect marine ecology and 

biogeochemistry (19). Thermal regimes can modify community composition and function, as 

selection favours ‘fit’ and adaptable phenotypes (20, 21). Temperature tolerance and lethal 

thresholds potentially define the biogeographic range, or at least the fundamental niche, of 

microalgae. Evidence of this has been demonstrated in polar, temperate and tropical microalgal 

strains (17, 22). For example, the growth temperature optima are generally around 6 °C to 8 °C and 

22 °C to 24 °C for polar and temperate diatoms respectively (23-26). Additionally, microalgae 

isolated from different geographical regions can have different thermal ranges (17, 22, 27). The few 

studies conducted to determine the thermal tolerance of microalgae showed that those isolated 

from higher latitudes are generally more tolerant of lower temperatures, while lower latitude is 

associated with higher temperature tolerances. This pattern has been demonstrated in green algae 

(28, 29), flagellates (30), dinoflagellates (22) and diatoms (17, 25). 

Primary production, food webs and biogeochemical cycles 
Climate change may already have altered microalgal distributions and food webs in the Western 

Antarctic Peninsula region. In a 2009 study spanning three decades, a 12% reduction in summer 

microalgal levels off the Western Antarctic Peninsula corresponded with increasing temperatures 

observed there (31). Population numbers of Antarctic krill, a key species in the SO, have also been 

decreasing since the 1970s (18, 32), although this has very recently been questioned (33). A 

decrease in krill predators, such as the Adélie penguin has also been noted, with increasing numbers 

of chin strap penguins in their place (31 and references therein). A microalgal assemblage study 

conducted from 1991 to 1996 observed a switch from diatom to cryptophyte-dominated 

communities, which are not easily grazed by Antarctic Krill, perhaps explaining the apparent decline 

in krill populations (34). These occurrences were attributed to sea-ice and meltwater dynamics. 

However, while Antarctic krill (like many other polar invertebrates and polar microalgal species) are 

both stenothermal and very sensitive to temperature change, their growth rates and life history are 

both microalgae- and temperature-dependent (35). It is possible that thermal effects on diatom 

distributions and productivity are a contributing factor. 
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Shifts in microalgal distribution or productivity can also have consequences for biogeochemical 

cycles, as they are critical for the sequestration of inorganic nutrients (2, 9). Nitrogen fixation (36), 

carbonate fluxes (14, 37) and the phosphorus, iron, silicate and carbon cycles are dominated by 

microalgae (2, 38). Biogeochemical processes are similar to food webs in that they are dependent 

on diatom and other microalgal productivity, grazing and sinking rates. These factors are all directly 

affected by the morphology, physiology, metabolism and subsequent macromolecular composition 

of microalgal groups, which in turn, are affected by temperature (39, 40). 

Effects of nutritional quality of primary producers 
The growth rates and nutritional quality of upper-trophic level consumers are reliant on the 

nutritional quality of diatoms and other primary producers (41). For example, slower growth rates 

were evident in juvenile abalone and prawns fed on low-protein microalgal cultures, although oyster 

growth rates remained unaffected (41-43). In Antarctica, copepods, herbivorous zooplankton and 

omnivorous consumers such as Antarctic krill, consume microalgae, particularly diatoms (44, 45). 

These consumers rely, sometimes exclusively on microalgal sources of macromolecules. For 

example, fatty acid stores of herbivorous zooplankton are sourced primarily from microalgae, with 

as little as 2 % originating from de novo biosynthesis (46). Additionally, diatoms are the primary 

microalgal source of carbohydrates for marine zooplankton (47). Both temperature variations and 

extremes can affect microalgal nutritional quality due to compositional changes that occur when 

resources are directed to compensatory processes (48). If temperature affects macromolecular 

composition in Antarctic microalgae, consumer growth rates or nutritional content could be 

affected (10). 

Ecological modelling deficiencies 
The relevance of understanding the temperature-induced physiological responses and subsequent 

molecular composition of diatoms far exceeds simple knowledge gathering for this understudied 

class of organisms. Global modelling experiments, currently being used to predict the effect of 

climate change on ocean ecosystems, are difficult to place in a biological or ecological context. This 

is due firstly, to the limited understanding of the physiological performance of phytoplankton and 

secondly, to the use of a high variety of analytical methods to generate data sets which are highly 

variable and not easily compared (49). An understanding of species-specific physiological responses 

to environmental change, particularly for important microalgal groups such as diatoms, is necessary 

in order to improve these models and predict community-wide shifts as environments 

change (9, 49). 
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Effects of temperature on diatoms 
Diatoms are ubiquitous unicellular eukaryotes found in all aquatic environments. They are 

characterised predominantly by their unique silica frustules (50). Diatoms are common to 

temperate waters but are also well adapted to living in extreme and highly variable environments, 

such as those imposed by polar seasonality, having acquired many adaptations for thermal 

resilience (8, 51, 52).  

Temperature is an important factor regulating diatom growth and composition (24). Thermal 

variations have been shown to affect growth rates (17, 53, 54), photophysiology (55-57), 

metabolism (58) and also protein and lipid composition (28, 59-61) of diatoms and other microalgae. 

Effects of temperature on diatoms - macromolecular composition  
Thermal variations can result in the allocation of carbon towards storage molecules, usually 

lipids (62). However, many studies (Table 1) have shown that optimal temperatures correlate with 

the maximum lipid content in diatoms (17). This was evident in tropical diatoms Nitzschia 

closterium, Nitzscia paleacea, Amphiprora sp. (17, 63), a temperate diatom Navicula incerta 

(although with narrowly maximum lipid content) and the polar diatom Navicula glaciei (17). The 

effects of temperature on lipid content can be variable in diatoms, however, it has been established 

that increased saturation of diatom lipids or fatty acids is often associated with increasing 

temperature, which assists in the maintenance of membrane fluidity (17, 61, 64-66). This has been 

demonstrated in Navicula sp. (28), P. tricornutum (64, 66), Chaetoceros muelleri (67) and Odontella 

aurita (68). 

The relationship between culture temperature and protein content in diatoms is less clear. In a study 

including six diatoms, protein (and lipid) content did not change linearly with temperature. All 

species, however, had higher protein levels at the lowest temperature (10 °C) and four diatom 

species also had increased protein levels above 20 °C (10). High protein levels at low temperature, 

was explained by the need to increase enzyme content or to maintain membrane fluidity (69). The 

Antarctic diatom Navicula glaciei had lower protein levels at lower growth temperatures 

(6 °C to 9°C) and higher levels at 14 to 30 °C (28). Additionally, protein levels in the tropical diatom 

Chaetoceros CS256 decreased significantly when culture temperature exceeded 30 °C. This was 

comparable with earlier studies and was explained by protein denaturation and impairment of 

enzyme regulators associated with high temperature (53 and references therein).  
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Effects of temperature on diatoms - photophysiology  
Diatoms are photosynthesising organisms and photosynthesis is highly sensitive to temperature 

(3, 51, 70, 71). Additionally, the enzyme-dependent photosynthetic processes have thermal optima 

that often differ from thermal optima for growth, further complicating the elucidation of the effects 

of temperature on these processes (70). Diatom photosynthesis is also the primary (but not 

exclusive) mediator of survival and both energetic and molecular productivity (3, 72). The effects of 

temperature on diatom physiology and photophysiology, in particular, are therefore of major 

concern for this study. Light harvesting efficiency (α), electron transport rate at saturating 

light (rETRMAX) photosynthetic efficiency (FV/FM) and growth rates are important physiological 

measures (73), all of which can be affected differently by temperature.  

The light harvesting efficiency is the initial slope of the rapid light curve (74). In eukaryotic 

microalgae, this measure is generally insensitive to temperature, primarily because photosynthesis 

at low-light is limited by photochemical processes that are not enzyme-dependent, however, there 

are exceptions (75). In the benthic diatom Cylindrotheca closterium for example, α varied at extreme 

(5 °C and 35 °C) temperatures (76). In four Arctic sea ice diatoms, α reduced as temperature 

increased from 5 °C to 15 °C (70). Light harvesting efficiency can be altered by pigment 

concentrations or by the number or size of light harvesting complexes, comprised of proteins and 

chlorophyll molecules (70, 77).  

The relative electron transport rate at saturating light estimates the maximum photosynthetic 

capacity which occurs when the photosynthetic rate is limited either by electron transport chain 

processes or enzyme activity in the Calvin cycle (78, 79). The effect of temperature on electron 

transport rates seems to vary between taxa. For example, electron transport rates in a diatom 

community (comprising >95% Nitzschia stellata) varied only minimally with temperatures ranging 

from -6 °C to 6 °C (80). Alternatively, a positive linear relationship between the maximum electron 

transport rate (ETRMAX) and temperature was demonstrated in the benthic diatom Cylindrotheca 

closterium although the rate reduced dramatically at temperatures above 30 °C (76). Similar results 

were found in a study involving five benthic diatom species, however as temperatures exceeded 

25 °C, rETRMAX varied dramatically between species (57). In contrast, electron transport rate of 

T. pseudonana was stated to be independent of temperature over a 24 °C range (81). 

The photosynthetic efficiency or maximum quantum yield (FV/FM) is a measure representing the 

maximum electrons transported per photon of light absorbed. Intraspecific differences in FV/FM are 

the result of photosystem II (PSII) reaction centre damage (26). In the benthic diatom Cylindrotheca 
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closterium FV/FM decreased slightly, but significantly, with increasing temperature from 5 °C to 

35 °C (76). Similarly, two Antarctic benthic diatoms Gyrosigma subsalinum and Odontella litigiosa 

had decreasing ratios of FV/FM as temperatures exceeded 4 °C (76). In the sub-arctic pelagic diatom 

Pseudo-nitzschia granii, FV/FM was consistent at mid-range temperatures but decreased at the 

lowest (8 °C) and highest (20 °C) temperatures (26). In short-term experiments a similar pattern was 

observed; FV/FM of Odontella aurita remained stable at intermediate temperatures (16 to 28 °C) but 

reduced significantly at temperatures outside of this range (68). 

Effects of temperature on diatoms – growth rates  
Diatom growth rates often have a predictable response to temperature increases, whereby 

photosynthetic activity and growth increase as optimal temperatures are approached, followed by 

a decrease in photosynthetic activity and growth (8, 64, 68, 70). While the growth rates of polar and 

temperate diatoms follow this general pattern, polar diatom growth rates gradually reduce as 

temperature increases, while in temperate diatoms, a small temperature range separates optimal 

growth rates from lethal thresholds (26 and references therein). 

FTIR spectroscopy - a recent advance in algal research  

Fourier Transform Infrared (FTIR) spectroscopy is a powerful, non-destructive and rapid technique 

used to analyse biological material. It can discriminate and determine relative concentrations of 

microbial cellular macromolecules and, in conjunction with modelling, can be used to classify cells 

according to a related variable of interest, such as the nutrient status of microalgae (8, 82-85). FTIR 

is an emerging method in phycological research but remains underutilised. This research aims to 

demonstrate whether ATR-FTIR in conjunction with Partial Least Squares Regression (PLSR) 

modelling, can classify diatoms according to their growth temperature. Accordingly, this section 

describes the history, development and application of FTIR to demonstrate its utility in this arena. 

Naumann published a comprehensive and historical review on IR (or vibrational) spectroscopy of 

intact cells in the year 2000, therefore, I will briefly describe the fundamentals and history of IR 

spectroscopy, as outlined by Naumann and others, but will focus on more recent advances in 

molecular biology (86). 

The infrared (literally ‘below red’ in reference to its position in the electromagnetic spectrum) 

spectral region (10 000 cm-1 to 10 cm-1 wavenumbers) is emitted as thermal radiation. It includes 

the near-IR (NIR), mid-IR and far infrared (FIR) spectral regions, which are all applicable for 

spectroscopy. The principal of IR spectroscopy lies in the specificity of IR absorption by molecular 

functional groups. These functional molecules (e.g -CH3, C=O) have specific vibrational frequencies 
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dependent on both their atomic composition, structure and orientation (86). In an irradiated 

sample, wherever wavelength frequency and molecular vibrational frequency correspond (resonant 

frequencies), that wave or part thereof will be absorbed by that molecule. When a region of the IR 

spectrum at a known intensity is simultaneously passed through a sample, detection and 

quantification of the unabsorbed IR waves reveal the molecular composition of the sample (86). 

Since its inception in the early 1900s, the potential for IR spectroscopy to differentiate between 

microbes was realised in the 1950s and 1960s (87, 88). However, it was considered impracticable 

due to the high initial costs of equipment and the high level of IR absorption by the water content 

of biological material. These barriers, combined with both computational and spectroscopic 

limitations at the time, essentially led to a hiatus in IR microbial analysis for the following two 

decades (86).  Other methods for analysing the chemical composition of a sample included 

separation methods such as gas chromatography-mass spectrometry (GC-MS) and High Precision 

Liquid Chromatography (HPLC). While these methods are very sensitive and have many applications, 

they can also be destructive, time-consuming and costly biochemical analytical methods. GC-MS 

and HPLC methods require the extraction, molecular separation and quantitative chemical analysis 

of cells, discriminating microbes based on species-specific lipid biological markers for example (89). 

Nuclear Magnetic Resonance (NMR) is another alternative however, this requires the use of 

radioactive labelling. While these techniques were (and still are) valuable in many fields requiring 

quantitative biochemical analysis, their disadvantages created the need for better alternatives more 

specific to whole-cell biochemical analysis. The need for rapid analysis became especially important 

as the persistent problem of bacterial resistance required the traceability of microbial relatedness, 

to both identify bacterial transmission between patients, and to enable appropriate preventative 

action (83).  

IR spectroscopy was a promising non-destructive alternative to these traditional methods, needing 

both minimal sample preparation and small amounts of biological material while taking 

approximately two minutes to scan a sample (90). By the 1980s and 1990s, the advantages of FTIR 

spectroscopy were clear but it was difficult to detect the relatively low energy of atomic interactions 

sensed by the IR spectrum. The advent of interferometers, however, facilitated beam splitting and 

recombination, enabling an entire spectral region to pass through a sample simultaneously. This 

system results in what is called an interferogram, which comprises both constructively and 

destructively interfering waves, so the IR spectrum of the sample requires Fourier transformation 

prior to reaching the detector. Subsequently, Fourier back-transformation techniques were applied 
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to the interferogram, culminating in the IR spectrum recorded for further data analysis (91). This 

increased both the signal-to-noise ratios and the speed of data acquisition, advancing the position 

of FTIR spectroscopy in biomedical fields (89, 91, 92). 

FTIR spectroscopy was subsequently used in the 1990s to determine the total chemical composition 

of cells, distinguishing between proteins, membranes and cell walls (92, 93). At the time, ‘molecular 

fingerprints’ were compared with known spectral bands to identify particular chemical functional 

groups or cellular substructures. Computerised searching capabilities were also developed to rapidly 

and unequivocally differentiate these fingerprints (93). However, these technological improvements 

introduced further complications. The high-resolution characterisation of complex and 

heterogenous biological material resulted in the detection of many interfering substances. 

Additionally, the multivariate nature of spectral comparisons, whereby data consists of thousands 

of wavenumbers (variables) and measurements (replicates/observations), compounded the 

accumulation of noisy data (94, 95). These factors drove the need for data analysis methods that 

alleviated interfering factors and rapidly incorporated massive data sets, to generate meaningful 

information. 

Although technologies at the time had not overcome all of these complications, by 1998 FTIR 

spectroscopy was used to differentiate between different conformations of lipids and proteins (96). 

In another study that year, the high-resolution nature of FTIR was confirmed with the demonstrated 

ability to differentiate single-gene knockout mutants in yeast cells (91, 97).  

The advantages of FTIR spectroscopy are highly applicable to microalgal studies. Rapid analysis is 

imperative for ecologically-based microalgal studies, enabling the necessarily large quantity of 

measurements required to effectively represent naturally variable populations (9). Additionally, 

FTIR spectroscopy produces high-quality measurements from relatively low amounts of biological 

material, which is important when analysing microalgae due to their typically low population 

densities and small size (85, 98). 

Despite these advantages, FTIR spectroscopy was not applied to microalgae until 1999, by 

Kansiz et al (99). Five cyanobacterial strains were analysed throughout several growth phases. FTIR 

spectroscopy and chemometric methods (the data-based interpretation of chemical information) 

accurately discriminated between these cyanobacterial strains and correctly separated them from 

a eukaryotic reference group (99).  
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Two years later, Giordano et al. (2001) compared FTIR with conventional methods for determining 

the effects of nitrogen limitation in diatoms. This study demonstrated that environmentally induced 

variations in the relative proportion of macromolecular pools could be characterised rapidly and 

accurately using FTIR spectroscopy (100). A similar study in the same year also had success in 

determining the nutrient status of microalgae in response to phosphate limitation. FTIR 

spectroscopy (and microspectroscopy) was shown to be comparable with conventional methods, 

effectively and rapidly demonstrating previously reported shifts in carbon allocation towards 

different macromolecular pools, in response to phosphate-limitation in all four microalgal species 

studied (101). Beardall et al. (2001) concluded that, despite the bulky and expensive spectrometers 

available at the time, FTIR spectroscopy had considerable potential for the study of algal physiology 

in response to environmental variation (101). In a separate review by the same author, it was noted 

that FTIR spectroscopy also had its limitations because macromolecular variations were not specific 

to limitation or repletion of any one nutrient, with different nutrient-limitations potentially 

producing the same compositional response in cells (102).  

Subsequent studies used combinations of FTIR, Raman microspectroscopy or synchrotron light 

sources to monitor changes in living cells based on their nutrient status. These studies demonstrated 

that with increased sensitivity and high signal-to-noise ratios, living cells could potentially be 

classified based on nutrient limitation (103, 104). Despite the demonstrated potential of FTIR, few 

studies successfully implemented microbial discrimination or classified nutrient limitation in 

microalgae, purportedly because insufficiently rigorous classification and discrimination algorithms 

led to a lack of precision (83, 105).  

Heraud et al. (2006) used multivariate analysis methods to classify the nutrient status of individual 

microalgal cells, despite the inherent variability of microalgal response to nutrient limitations. The 

study tested the effectiveness of chemometric methods and spectral pre-processing techniques, in 

particular, improving the ability to reliably classify the nutrient status of microalgae (105). This is 

difficult because variations in spectra can occur as a result of inter and intra-cellular variability, or 

due to minute differences in irradiation from the laser source. Additionally, spectra can have broad 

sloping baselines due to fluorescence. Pre-processing methods such as transformation of the 

spectra diminish these variations to ensure spectra can be effectively compared with each other. To 

determine the best form of transformation of raw spectra, Heraud et al. (2006) applied several 

different methods including Multiplicative Scatter Correction (MSC), in addition to Extended 

Multiplicative Scatter Correction (EMSC), (106) and the Standard Normal Variate (SNV) 
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method (105). Additionally, first and second derivatives were generated to describe band-shifts, 

peak broadening and intensity changes. PCA was used to simplify the data-sets by grouping spectra 

based on similarity, firstly to reveal general trends in the dataset and secondly to determine the 

optimal number of principal components necessary to represent only the chemical differences in 

samples. Loading plots were assessed to determine important spectral regions (bands) contributing 

the greatest variance. Heraud et al. (2006) found that this was only possible for spectra that had 

been transformed by the EMSC pre-treatments (105). To test the feasibility of predictive models, 

spectra from N-replete and N-deplete treatments were randomly split into calibration and 

validation sets. Two classification approaches were tested on the same calibration set, namely 

Partial Least Squares (PLS), (107) and Soft Independent Modelling by Class Analogy (SIMCA), (108). 

It was concluded that, with or without transformation, unambiguous classification using SIMCA was 

unreliable. PLS using first and second derivates performed well and also benefited from EMSC pre-

processing, however, it was clear from the study that different treatments altered the performance 

of the model. It demonstrated that classification of algal nutrition status was possible, however, the 

type of transformation should be evaluated by comparing differences in the Root Mean Square Error 

of Calibration (RMSEC) and the Root Mean Square Error of Validation (RMSEV). This is an objective 

means of evaluating the best form of pre-treatment, where small and similar error values indicate 

the best fit (105). This study was expanded upon in a subsequent study by the same author the 

following year, primarily by increasing the number of spectra taken from individual cells to account 

for intracellular variability and to improve classification accuracy (82). By this time vibrational 

spectroscopy was being used to demonstrate either individual, population or intraspecific-level 

variability, in response to their environment (109, 110).  

Additional systems were also used in conjunction with FTIR spectroscopy to improve its application. 

FTIR spectroscopy is a form of transmission spectroscopy, which requires the suspension of liquid 

or ground solid samples in a suitable matrix. There are problems associated with these preparative 

techniques such as the preparation time required and more importantly the risk of highly variable 

results due to methodological differences (91). Attenuated Total Reflectance (ATR) is an alternative 

to transmission spectroscopy which avoids the complications associated with transmission 

spectroscopy. In ATR-FTIR spectroscopy, the IR beam passes through a high-refractive index 

crystal (e.g. diamond) at an angle exceeding the critical angle required for total internal reflection. 

A dried sample is placed in contact with the crystal window and is penetrated by an evanescent 

wave which essentially leaks from the crystal due to the reflectance, before reaching a detector, 
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thus avoiding the need for IR transmission. This facilitated both reduced preparation times, high 

reproducibility between samples and high user-to-user precision (91).  

Since the evolution of viable chemometric methods, FTIR spectroscopy has a demonstrable track-

record, signifying its potential for microalgal research. It has been successfully applied in the fields 

of microbial ecology, environmental, agricultural and food sciences and in the areas of forensics, 

medicine and the pharmaceutical industry (8, 9, 85, 98). In microalgal studies, FTIR spectroscopy has 

already been used to demonstrate both the physiological effect of nutrient 

deficiency (101, 111, 112), heavy metal contamination (85), temperature and salinity 

variation (8, 113), and even for identifying the composition of algal fossils (114).  

The present study was inspired by a recent proof-of-concept study that used FTIR spectroscopy, 

validated by mass spectrometry, to predict changes in cellular composition and carbon productivity 

of an Antarctic diatom in response to salinity and temperature variations. In this novel study, 

spectroscopy based predictive models were used to quantify the productivity of the Antarctic 

diatom, Chaetoceros simplex under a fully factorial design over a range of temperatures (-1.8 °C, 

2 °C and 5 °C) and three salinities (30, 34 and 70). Calibration and validation data sets were compiled 

for two treatments, consisting of mass spectrometry-derived values (vector of ‘Y’ variables) 

representing three parameters: cellular nitrogen levels (a protein proxy), carbon content and 13C 

uptake (signifying carbon productivity). The corresponding FTIR spectra (matrix of ‘X’ variables) in 

the PLSR models are derived from the macromolecular composition of cells in response to 

temperature and salinity variations. A third treatment (2 °C only) was used as an independent data 

set, where the three PLSR models (one for each ‘Y’ component above) predicted the “unknown” 

nitrogen and carbon content and carbon productivity under the same salinity and temperature 

regimes. The models predicted carbon productivity with R2 values between of 0.762 and 0.844, with 

a prediction root mean square error of 10% to 15% of the maximum ‘Y’ value, demonstrating that 

spectra-based models are accurate predictors of cellular response to environmental variation (8).  

The aim of the present study was to investigate the impacts of temperature on the growth, 

photophysiology and macromolecular composition of the Antarctic diatom Corethron pennatum. 

Additionally, this study was intended to assess whether ATR-FTIR spectroscopy and modelling can 

be used to predict the growth temperature of ‘unknown’ samples of C. pennatum. Specifically, the 

objectives were: 

1. To compare potential differences in macromolecular composition of the Antarctic diatom 

Corethron pennatum cultured at different growth temperatures between 0 °C and 4.5 °C. 
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2. To compare potential differences in the growth rate and photosynthetic efficiency of 

C. pennatum across this range of temperatures. 

3. To determine how accurately ATR-FTIR spectroscopy-based Partial Least Squares Regression 

(PLSR) models can predict C. pennatum growth temperature. 

In order to achieve these objectives, I used ATR-FTIR spectroscopy to generate spectral signatures 

based on the macromolecular composition of the Antarctic diatom C. pennatum grown at 0 °C, 

1.5 °C, 3.0 °C and 4.5 °C. Photophysiological parameters were also measured to potentially explain 

marked differences in macromolecular composition. Specifically, I determined which 

macromolecules increase or decrease in response to growth temperature and whether 

photophysiological performance and growth rates of C. pennatum varied with temperature. I also 

determined the R2 value of the ATR-FTIR spectroscopy-based PLSR predictive models to 

demonstrate its accuracy.  

Methods 

Culture conditions 
A culture of C. pennatum was derived from a single cell following isolation from coastal waters taken 

during the RV Investigator voyage IN2017_V01 from Hobart (Tasmania, Australia) to the Totten 

Glacier region (Sabrina Coast, East Antarctica). The sample from which this cell was taken 

(ID: In2017_V01_C45) was collected on the 2nd December 2017 from site four (station CI4: 

Latitude (S): -64.71233333, Longitude (E): 117.7175, SST: 1 °C). Taxonomic classification was 

performed on-board the vessel, based on frustule morphology using light microscopy. The diatom 

was identified as Corethron pennatum (Grunow) Ostenfeld (previously Corethron criophilum 

Castracane, Corethron hispidum Castracane); a non-filamentous, radially symmetrical centric 

diatom with articulated hooked spines that extend from the circular valve margin (115, 116). The 

culture was stored in Antarctic seawater at 2 °C in 50 mL vented bottles. Culture bottles were 

imported into Australia under Australian Quarantine and Inspection Service (AQIS) permit 

IP17000156 and transported to Macquarie University PC2 quarantine facility. On the 3rd May 2017, 

cultures were transferred to a Monash University quarantine facility and stored at 3 °C ±1 °C under 

the same permit. 

Axenic, continuous cultures of C. pennatum were maintained in natural seawater collected from 

Portsea Front Beach, Victoria, Australia, by a commercial supplier. During the early experimentation 

stage, a routine total metal analysis of Monash University’s seawater stocks, conducted by 
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Australian Laboratory Services Pty Ltd, Scoresby, Victoria, detected higher than normal levels of 

aluminium, at 0.07 mg L-1. Following investigations, no action was taken in response to these 

elevated aluminium levels, (as experiments were in progress) due to the following reasons: 

1. Elevated aluminium was detected in only one of three tanks, which resulted in a two-third dilution 

of affected water because water is drawn equally from all tanks as a normal operating procedure. 

2. Of the limited studies available, equivalent aluminium levels did not reduce growth rates in either 

freshwater, brackish or pelagic diatoms. Previous studies demonstrated that aluminium toxicity did 

not inhibit freshwater diatom growth rates until a threshold of ≥ 24 µmol dm-3 Al (equivalent to 

647 mg L-1) was met (117). In the freshwater diatom, Asterionella ralfsii cell-size, but not growth 

rates decreased at ≥ 2.8 µmol L-1 (equivalent to 75 mg L-1) of aluminium (118). In the benthic diatom, 

Navicula salinarum growth rates increased while in the pelagic diatom, Thalassiosira weissflogii 

growth rates were constant at ≥ 0.10 µmol L-1 (equivalent to 2.7 mg L-1) of aluminium (119). 

Microalgal growth rate is a reliable indicator of fitness; therefore, these levels were considered 

unlikely to limit C. pennatum fitness (24). During routine observations of stock cultures (in affected 

seawater), no difference was detected in C. pennatum cultures nor in triple replicates of 11 other 

Antarctic diatom species under culture. Every indication suggested that the seawater would not 

inhibit C. pennatum growth. In all cultures, seawater was sterilised by filtration through a Millipore 

membrane (0.22 µm pore-size) and enriched with f/2 supplements (120).  

In microalgal culture mediums, dissolved inorganic carbon (DIC) concentrations are depleted with 

culture age by photosynthetic microorganisms. Additionally, cell-clumping and settling can occur in 

stagnant culture mediums, resulting in self-shading (121, 122). Both culture mixing and CO2 supply 

were, therefore, maintained via filtered aeration through a sterile glass tube at the bottom of each 

culture vessel. Culture vessels were kept under axenic conditions which prevented regular pH 

monitoring. As bubbling rates can influence pH levels, they were reduced to the minimum bubbling 

required to maintain water circulation (123). 

Each culture vessel was illuminated by an inbuilt white light LED array generating continuous 

incident irradiance at 50 µmol photons m-2 s-1. Inoculant culture stocks were also maintained in 

continuous light at a similar irradiance. This intensity was comparable with recent similar 

studies (8, 113, 124-126). Many algal studies use 100+ µmol photons m-2 s-1 (127-129) however 

50 µmol photons m-2 s-1 was chosen to maintain continuity between storage and experimental 

conditions. Time constraints necessitated the lower light intensity as differences in light conditions 

between storage and treatments, were likely to induce changes in chlorophyll content, 
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photosynthetic capacity and photoprotective activation, which needed to be avoided (79). 

Modification of photosynthetic apparatus can take weeks during acclimation; however, some 

adjustments can occur in as little as four days (55, 79). I also chose to use continuous light which 

excluded the possibility of diurnal fluctuations, which can occur during cyclical light exposure (130). 

This prevented the need to take growth rate measurements at the same time every day, which 

would be required to avoid any potential cyclical deviations. 

C. pennatum was cultured at a salinity of 34 ppm. This was the approximate average salinity 

recorded during sample collection from Antarctic waters and is consistent with pelagic habitats in 

that region (113, 131). This salinity also allows my results to be compared with several similar studies 

conducted at 34 ppm (3, 8, 113). It was also, incidentally the inherent salinity of the seawater 

obtained for culturing, therefore, salinity adjustments were unnecessary throughout the 

experimentation process. This was confirmed through continuous monitoring.  

Diatoms were cultured in 100 mL glass culture vessels housed in two MC 1000-OD Multi-cultivators 

(Photon Systems Instruments, Drasov, Czech Republic). Culture vessel locations within the 

Multi cultivator chambers were placed into a randomly selected position during each inoculation. 

This was performed as a mandatory experimental practice but was also considered necessary 

because the chilled water inlet and outlet are positioned at opposite ends of the chamber. The 

unidirectional water flow could therefore potentially cause a slight temperature gradient along the 

length of the culturing chamber. Regular monitoring during the experimental period, however, 

demonstrated highly precise temperature readings throughout the chambers. 

Establishment and maintenance of exponential phase 
Cultures were maintained and harvested during the mid-exponential phase to avoid nutrient 

limitations associated with increasing culture age (77, 123, 132). Exponentiality was established 

during pilot trials conducted from 24th April to 12th May 2018. To determine the exponential phase 

and growth rates, cell counts were taken daily using an Improved Neubauer Haemocytometer. Initial 

pilot trials included a Pseudo-nitzscia sp. and Fragilariopsis sp. which had to be abandoned in the 

interest of completing the project on time. Initial trials solely monitored growth rates in order to 

ascertain the inoculation rates required to achieve a final cell count (on day 3) of approximately 

108 cells mL-1 (98). The majority of the time, however, was dedicated to attaining a balance between 

the maintenance of exponential cultures, which requires culture dilution and attaining sufficient 

biomass for ATR-FTIR spectroscopy procedures.  From the initial trials, average growth rates 

indicated that an initial inoculation rate of 350,000 cells mL-1 was required. However, repeated 
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attempts to achieve the final desired culture concentrations failed. I attempted to rectify this by 

increasing the inoculation rate to 400,000 cells mL-1 which resulted in lower final cell concentrations 

than the previous culturing attempts. After several failed attempts it was decided that 

exponentiality was a priority over attaining biomass, as it is essential for avoiding nutrient-limitation 

which would alter the macromolecular composition of the cells (77, 123, 132).  Observations 

throughout this stage also led to the realisation that any increase in inoculation volume resulted in 

a decrease in the volume of fresh medium, which was likely to limit nutrient availability and also 

likely explained the reduced final culture concentrations observed when applying this method. 

Subsequent research confirmed this logic and procedure was adjusted accordingly (113). 

Following initial trials, the exponential phase was maintained by an approximate 80 % dilution every 

three days with fresh f/2 enriched seawater, maintained at the corresponding treatment 

temperature. For each treatment, four culture-vessels were maintained, which consisted of three 

replicates (n = 3) and one for acclimation to the subsequent temperature increment, which was not 

accessed during culturing (i.e. cell count samples were not taken) to avoid any potential for 

contamination (133). 

Acclimation 
In similar studies to ours, microalgae have been acclimated for one week (112, 134) however eight 

to ten generations have also been stated as a minimum requirement for acclimation (10, 135). 

Cultures were acclimated for 12 days as a compromise between achieving the minimum number of 

generations and reducing exposure of axenic cultures to potential infection during dilution. 

Axenicity 
All culture vessel equipment was autoclaved at 120 °C for 20 min. Equipment and cultures were 

processed in a sterile laminar flow cabinet, and flask apertures were sterilised with a Bunsen flame 

to prevent contamination during culture inoculation. Attempts to maintain axenic conditions during 

inoculation, in conjunction with the need to maintain culture temperatures, caused considerable 

difficulties during pilot trials and initial experiments. As mentioned in the previous section, my 

attempts to inoculate culture vessels to achieve specific cell concentrations, required precise 

inoculant measurements. At that stage, inoculant volumes were transferred from the culturing flask 

or vessel to the experimental culture vessel (with the f/2 medium maintained at corresponding 

temperature) via a 25 mL pipette. This method led to many cultures with either low cell counts or 

non-exponential growth rates (see Figure S1). Through trial and error, it was suspected that this 

method was rapidly warming the inoculant volume due to the large surface area of the pipette and 
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the exposure to the flame-warmed air in the laminar flow. I amended the procedure by simply 

pouring the inoculant from one vessel to another which was rapid but less accurate and precise. 

This was rectified by placing a pre-filled culture vessel beside the receiving culture vessel, to indicate 

the appropriate fill level which worked well. 

Growth rates 
Microalgal growth rate is a reliable indicator of both fitness and metabolic state and is altered by 

environmental variability. Growth rates were, therefore, continuously monitored throughout the 

culturing phase. To account for cell-size differences, which can confound growth rate 

measurements, growth rates were monitored by continuous optical density as a proxy for biomass 

and calibrated with manual cell counts (24). Optical density readings were taken every thirty 

minutes with the Multi-cultivator’s inbuilt PIN photo-diode detector with 630 nm - 750 nm bandpass 

filters. Real-time optical density was measured across a 27 mm optical path using the 750 nm 

wavelength which is relevant for diatoms (as opposed to the 680 nm option) and reduces the 

potential to bias results if cellular Chl a content varies (126, 136). As a non-filamentous diatom, 

C. pennatum was selected as an ideal focal organism for this study, as filaments can complicate cell 

counting methods. 

Optical density readings for generating growth curves were to be calibrated with physical cell 

counts, however optical density readings failed at all culture temperatures, most likely due to the 

presence of condensation on external coverings of the multi-cultivator, which interfered with 

optical density sensor readings. 

Growth rate was calculated (Figure 1a) based on the formula 

µ = 𝑙𝑙𝑙𝑙𝑁𝑁2−𝑙𝑙𝑙𝑙𝑁𝑁1
𝑇𝑇2−𝑇𝑇1

      (1) 

Where N1 and N2 denote cellular concentrations (cells mL-1) at time one (T1) and time two (T2), 

respectively. 

Temperature was automatically controlled via two refrigerated water-baths and recorded daily. The 

temperature range for experimental treatments was 0 °C, 1.5 °C, 3.0 °C, 4.5 °C and 5 °C, ±0.5 °C for 

all temperatures. Typical summer-time sea surface temperatures in Antarctic waters range 

from between -1.8 °C to 4.5 °C (24, 137). Treatments were intended to exceed this range; however, 

it was limited, firstly because Multi-cultivator limitations prevented the application of sub-zero 

temperatures, and secondly because growth rates of the 5 °C replicates could not be maintained at 

an exponential rate and these cultures eventually failed. Additional attempts to culture at this 
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temperature were not conducted, as the extra time required was likely to have jeopardised project 

completion. The 5 °C treatments were therefore excluded from statistical analysis.  

Photosynthetic capacity – theory and measurement 
The photosynthetic performance of C. pennatum was measured just prior to FTIR analysis using 

chlorophyll a fluorescence measured on a pulse amplitude modulated fluorometer (PhytoPAM, 

Heinz Walz GmbH, Effeltrich, Germany) using the formulae of the equations of Eilers and 

Peeters (1988, ref 138). This section includes a brief description of the theory behind this measuring 

technique, as this was required in order to fully understand and interpret results.  

Until the last few decades, radio isotope 14C-uptake and oxygen evolution were used to measure 

photosynthetic efficiency. More recently, chlorophyll a fluorescence has superseded these 

methods, although O2 gas exchange remains useful for growth measurements. Chlorophyll a 

fluorescence is considered advantageous both in the laboratory and in situ, as it is an accurate and 

rapid technique, that firstly, does not require an enclosed system, and secondly does not require 

the use of radioactive isotopes, which are best avoided in the field in order to limit pollution (5). 

This method utilises the properties of the microalgal photosynthetic apparatus, namely 

photosystem II (PSII), to deduce the quantum efficiency (product of interest, per photon) of 

photosynthesis by detecting emitted fluorescence (5). As photons are absorbed by chlorophyll 

molecules in the antenna, electrons are excited to a higher energy state. Electron de-excitation 

(return to the ground state), results in energy being released either as heat, fluorescence or 

photochemical energy. Heat emission effectively dissipates energy from photons that have energy 

levels greater than that required for photosynthesis. Heat loss also occurs when excessive irradiance 

induces non-photochemical quenching (NPQ), which protects light-harvesting complexes and 

photosystems from an excess of damaging reactive oxygen species. This NPQ is quantified as a 

decrease in FM’ as irradiance increases (139 and references therein, 140). Fluorescence is emitted 

when the de-excitation energy is unable to be converted to photochemical energy in the reaction 

centres of the antenna. Therefore, fluorescence increases as photochemical efficiency (e.g. electron 

transport per photon) decreases. Energy is unable to be converted to photochemical energy when 

reaction centres are full of electrons (‘closed’) and cannot receive additional energy, or when 

photosynthetic efficiency is reduced (which might occur under environmental stress or as a 

consequence of high-light adaptation e.g. low chlorophyll concentrations). Fluorescence emitted 

per photon (fluorescence yield (F)) is therefore inversely proportional to the photosynthetic yield. 

By inducing open (dark-adapted), high-efficiency (low-light) and closed (saturating-light) antennal 
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states, measurements of F are used to deduce photosynthetic yield. ‘Open’ reaction centres, 

measured in near dark (F0), have low levels of electrons passing through them (photosynthesis is 

not occurring) and therefore have maximum electron carrying capacity; ‘closed’ reaction centres, 

measured in high-light have a lower capacity to receive excitation energy as they are full of electrons 

due to photosynthesis (5). This is the basis of PhytoPAM calculations. 

Just prior to cell-fixing, a 3 mL aliquot from each culture was transferred to a quartz cuvette. 

Contents were continuously stirred and maintained at the corresponding growth temperature 

within the cuvette holder of the PhytoPAM during a 15-minute dark-adaptation period. The yield of 

photosystem II, which corresponds to FV/FM in dark-adapted samples, was then measured based on 

the following formula 

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 = 𝐹𝐹𝑚𝑚′ − 𝐹𝐹
𝐹𝐹𝑚𝑚′

      (2) 

where Fm’ is the maximum fluorescence following light acclimation, and F is the steady-state 

fluorescence in light (141-143). Photosynthetic efficiency (Figure 1b) was compared between 

treatments using data corresponding to the light intensity most resembling growth conditions (64 

µmol photons m-2 s-1). 

Eighteen incremental irradiances from 0 to 610 µmol photons m-2 s-1 were used to generate rapid 

light curves. From the light curves, the Phytopharm automatically calculated the relative electron 

transport rate (rETR) based on the quantum yield of photosystem II, using the formula 

rETR = Yield × PAR      (3) 

where the yield equates to the ratio of photons converted to electrons (measured via fluorescence), 

PAR is the incident photosynthetically active radiation (light intensity - modulated by the 

PhytoPAM).  

Light harvesting efficiency (α) and relative maximum ETR (rETRMAX) were calculated from the light 

curve. The α is the initial slope of the rapid light curve calculated by the PhytoPAM, which represents 

the slope of the rapid light curve in the light-limiting region (79). rETRMAX is the rETR at light-

saturated (maximum rate) of photosynthesis.  

Harvest and sample preparation 

C. pennatum cells were fixed with 1 % formalin and left to stand for >10 hours, to comply with 

biosecurity requirements. The formalin solution was discarded during routine cell washing 

(described later) performed prior to FTIR analysis. Formalin-fixing has been shown to preserve cell 
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contents such as lipids and proteins with little effect on infrared spectra, even from cross-

linking (144, 145). Later work demonstrated that lipids remain relatively unaffected by formalin, 

however, a significant decrease in amide I peak intensity can occur in formalin-fixed samples. This 

was attributed to the cross-linking action of formalin which converts amides from secondary to 

tertiary proteins. This can cause shifts confined to the amide I band peaks, which can misrepresent 

actual proteins present in living cells, however, all treatments would be similarly affected (146, 147). 

It is also possible to assign spectral bands based on changes occurring due to fixation as opposed to 

the expected absorption bands of functional groups (148). 

Cell washing is required to remove elements, especially salts, within the growth media with spectral 

bands that obscure the biological bands of interest (98, 149). Approximately half of each 80 mL cell 

suspension was transferred into a 50 mL centrifuge tube, then centrifuged at 3000 rpm for 

15 minutes. The supernatant was extracted then the remaining cell suspension was added to the 

tube before repeating the centrifuge cycle. The supernatant was again extracted, and cells 

resuspended in 20 mL isotonic 400 mM ammonium formate solution. This was repeated twice, 

which has been shown to prevent the detection of bands associated with salt crystals (98, 150). 

Following the final supernatant extraction, the remaining cell concentrate (approximately 1 mL) was 

transferred to Eppendorf tubes. Centrifuge tubes were rinsed with 700 µL of ammonium formate to 

collect remaining cells. These cells were also added to the Eppendorf tube. The final suspension was 

then centrifuged at 13000 rpm for five minutes. The supernatant was again extracted, and the mixed 

pellet was transferred via pipette onto a glass microscope slide and dried at 65°C in preparation for 

spectroscopy (98, 151). Slides were stored in a desiccator at room temperature for less than 

48 hours prior to FTIR analysis. This time constraint was necessary to avoid excessive sample 

desiccation which resulted in sample flaking, as cells no longer adhere to the slide. 

Dehydration of biological material avoids the presence of water, which is the universal complication 

associated with IR analysis (148). Water efficiently absorbs infrared at various wavelengths, 

particularly at both the 3400 cm-1 and 1645 cm-1, the latter of which obscures the amide I band (91). 

Dehydration, however, can result in distortions. IR spectral analysis of dehydrated cells can be used 

to compare cell composition under different treatments, as long as all cells in the analysis are 

dehydrated (148).  

ATR-FTIR spectroscopy, chemometrics and statistics 
High cell densities (with dried cells completely covering the 2 mm diamond window) were analysed 

by ATR-FTIR spectroscopy, to collect average population data and gain high signal-to-noise 
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ratios (101). Absorbance spectra were measured at the mid-infrared range (4000 cm-1 to 800 cm-1) 

with a resolution of 4 cm-1 with 50 co-added scans for enhanced signal-to-noise ratio, on a Bruker 

Equinox 55 spectrometer (Bruker Optics Inc., Etlingen, Germany) coupled to an ATR accessory with 

a diamond window (Golden Gate; Thermo Fisher Scientific, Inc, Waltham, MA, USA) and fitted with 

a liquid-nitrogen-cooled MCT detector. The diamond window was cleaned with pure isopropanol, 

and a background scan performed, between samples. ATR correction of co-added spectra was 

generated via extended ATR correction using OPUS (Bruker) software.  

Spectral pre-processing and analysis were performed on OPUS-generated data imported into The 

Unscrambler®. Derivatisation was performed using the Savitsky-Golay algorithm, using the second 

derivative with 9-point smoothing to correct broad baseline slopes and separate potentially 

overlapping or obscured bands in the raw spectra (105). This is necessary because the visualisation 

of either band ratios, intensities or raw average spectra is insufficient for identifying 

macromolecular variations between treatments. Derivatisation is commonly applied to raw spectra, 

which identifies local minima and maxima. In the second derivative spectra, (Figure 2) raw spectral 

maxima become minima and vice versa (152). As model accuracy is pre-processing dependent, I 

compared the Extended Multiplicative Scatter Correction (EMSC) and the Standard Normal Variate 

(SNV) normalisation of spectra which resulted in almost identical Root Mean Square Errors (which 

equate to deviations from the modelled line of best fit) in subsequent PLSR models. SNV was 

therefore applied to reduce variations due to heterogenous sample thickness (105). 

The exclusion of redundant or unimportant spectral data points (at certain wavenumbers) can 

improve the strength of predictions when discriminating microbes using FTIR spectroscopy (105). 

Therefore, the regions 3030 cm-1 to 2820 cm-1 and 1780 cm-1 to 680 cm-1 were selected as the major 

biological bands of interest to be included in the analysis. 

Principal components analysis (PCA) was applied to the transformed spectral data to easily identify 

important information which is not easily visualised due to the multivariate nature of spectra. The 

important principal components were determined from the loadings plots, which identified the 

spectral regions accounting for major variations in the data. Scores plot were used to visualise any 

clustering (105). 

PLSR modelling was then performed on mean-centred data using the Non-linear Iterative Partial 

Least Squares (NIPALS) algorithm. Leave-one-out cross-validation was applied to calibrate the 

models. Additionally, a stratified-random approach was used to select spectra, forming a calibration 

set (two-thirds of the data) and independent validation set (one-third of the data) that were 
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mutually exclusive. Each ‘Y’ variable was the relevant temperature of the growth culture 

corresponding to the set of ‘X’ variables which comprised one spectrum for each respective ‘Y’ 

variable. The validation set was used to test the model which compared the calibration set RMSE 

with the validation set RMSE. Once the model was validated and shown to be robust, the above 

steps were repeated with the addition of a separate prediction data set (17 spectra), to use the built 

model to predict the growth temperature of ‘unknown’ samples, based on their spectra.  

Following data pre-processing, 2nd derivative spectra were exported to Microsoft® Excel ® for 

Office 365 for ‘manual’ area under the curve calculation of relative macromolecular composition of 

cells, based on the direct ratio of absorbance and concentration that exists according to the Beer-

Lambert Law (113).  

Statistical analysis was performed using RStudio (Version 1.0.143 – © 2009 – 2016). Where 

assumptions were met, comparison of relative macromolecule concentrations and 

photophysiological measurements were performed using one-way ANOVA with Tukey’s multiple 

comparisons. When tests of normality or homoscedasticity assumptions were not met, a Kruskal-

Wallis one-way test was performed in place of ANOVA. 

Results 

Growth rates and photophysiology 

The effects of temperature on C. pennatum growth rates did not appear to differ across treatments, 

except at 5 °C. This treatment could not be sustained over the acclimation period, and then 

demonstrated rapidly reduced cell numbers which is an indicator of mortality (81). For this reason, 

the 5 °C treatments were excluded from further analysis. C. pennatum demonstrated relatively 

healthy growth (growth mean = 0.70 div d-1 ±SD 0.03) at all experimental temperatures (24). 

Maximum quantum yields (FV/FM), are reduced in the 3.0 °C and 4.5 °C treatments (Figure 1b), with 

a significant difference observed between the two hottest and the two coldest treatments 

(ANOVA: F3,8 = 12.806, P-value = 0.002, n = 3). The rETRMAX (Figure 1c) is highest at the lowest 

temperatures compared to the two higher temperatures, although the difference is not significant 

between 1.5 °C and 3 °C (ANOVA: F3,8 = 17.128, P-value = 0, n = 3). Light utilisation efficiency (α, 

Figure 1d) at 4.5 °C is significantly different from all other treatments (ANOVA: F3,8 = 10.726, 

P value = 0.003, n = 3). Cultures grown at the highest temperature have the lowest light utilisation 

efficiency, indicating that light capturing capacity of the PSII antenna appears to be reduced at this 

temperature. 
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Figure 1. Growth rates (a), photosynthetic efficiency (b), relative electron transport at saturating 

light (c) and light harvesting efficiency (d) of Corethron pennatum cultured at different 

temperatures. Data represent the mean ± SD (n = 3). Significant differences are symbolised by 

different letters. Growth rates did not significantly vary with growth temperature. A slightly 

decreasing trend in photosynthetic efficiency (FV/FM) which corresponds to yield (b) in dark-adapted 

samples, is observed, with the 3.0 °C (0.38 SD ±0.01) and 4.5 °C treatment (0.31 SD ±0.02) having 

lower photosynthetic efficiency compared to both the 1.5 °C (0.41 SD ±0.04) and 0 °C (0.44 SD ±0.03) 

treatments. The relative electron transport rate in saturating light (rETRMAX) is highest at 0 °C 

(73.57 SD ±10.40) and lower at 3.0 °C (46.20 SD ±3.81) and 4.5 °C (44.60 SD ±1.93). C. pennatum also 

has lower light harvesting efficiency at 4.5 °C (0.21 SD±0.01) compared to all other treatments. 
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FTIR spectroscopy and macromolecular composition 

Spectra with high signal-to-noise ratios were obtained for cells from all treatments. The average 

second derivative spectrum (Figure 2) revealed noticeable differences in the macromolecular 

composition of C. pennatum between treatments. Diatoms from all treatments have strong and 

clearly delineated spectral bands associated with the unsaturated fatty acids (UFA), (3014 cm-1), 

ester carbonyl functional groups from lipids (1740 cm-1), amide I protein bands (~1650 cm-1, 

~1630 cm-1) and carbohydrates (1108 cm-1 and 1045 cm-1). Variability (see Table S1) appears to be 

lowest in spectra from the 0 °C treatment. Low variation is also apparent in the 1.5 °C treatment, 

however, spectra from two biological replicates for this treatment were removed from statistical 

and data analysis (excluding photophysiology results) due to suspected contamination following 

harvest. This may explain the low variation observed for this treatment. High variability in 

absorbance levels between the 3 °C and 4.5 °C is apparent around the carbohydrate (1045 cm-1) and 

silicate bands (1080 cm-1), which are associated with diatom frustule composition (Kroger08). The 

absence of peaks around 3400 cm-1 and 3250 cm-1 (not shown) demonstrate the dehydrated nature 

of the microalgal cells analysed in this study (85, 148). 

Figure 2. The average second derivative (3030 cm-1 to 2820 cm-1 and 1780 cm-1 to 950 cm-1) of 

C. pennatum spectra. The labels indicate the macromolecules corresponding to the relevant band. 

The peak at 1743 cm-1 corresponds to stretching modes of ester carbonyl (C=O) groups, associated 

with lipids (148). Two absorption peaks around ~1630 cm-1 (β-pleated sheet) and ~1650 cm-1 (α-

helix) belong to the amide I band and are mainly due to C=O stretching vibrations in peptides (148, 

154). The silicate and carbohydrate structure of the diatom frustule explains the high absorbance 

(at the unlabelled negative peak) around 1080 cm-1 (155). 
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Visualisation of the principal components analysis (PCA) scores plots (Figure 3a) identified a 

reasonable level of grouping in the data sets. Of the total variance in the data, 78% could be 

explained by the first two principal components (not shown), however, PC-1 and PC-3 proved to be 

most important for discriminating between treatments (Figure 3). At PC-1, negatively loaded 

spectral bands are evident at 1654 cm-1 (amide I, α-helix) and 1076 cm-1 (Silicate). At PC-3, 

1641  cm--1 (amide I, α-helix) is negatively loaded. UFAs (3014 cm-1), lipids (1743 cm-1) and amide I 

β-pleated sheets (1630 cm-1) are all positively loaded at PC-3.   

The scores plot demonstrates that with the exception of the 0 °C culture, the higher temperature 

treatments are increasingly positive for PC-1 (Figure 3a). The 0 °C treatment group is also positive 

for PC-1. Positive PC-1 scores correspond to high levels of silica and α-helix (especially in the 0 °C 

and 4.5 °C treatments) and low levels of β-pleated sheets, and carbohydrates (1045 cm-1) as 

indicated by the intense positive peak (strong minima) visualised in the PC-1 loadings plot. The 1.5 °C 

treatment clusters with a negative PC-1 score, signifying high β-pleated sheet content compared to 

other treatment groups and also higher carbohydrate levels corresponding to the 1045 cm-1 band. 

Additionally, the scores plot shows that the 0 °C and 1.5 °C treatment groups are positive for PC-3. 

These treatments are clearly separated from the negatively scored 4.5 °C treatment group. This 

demonstrates that lower temperatures have higher carbohydrate (~1066 cm-1) content. The 

increasingly negative scores of the higher temperature treatments at PC-3 correspond with 

comparatively high UFA and lipids levels compared to the 0 °C and 1.5 °C treatment groups.  
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Figure 3. PCA scores plot (a) and loadings plots (b). Principal component one (PC-1) and PC-3 of C. pennatum. 

Spectra from each culture temperature form reasonably clustered groupings.  In the loadings plot, negative 

bands signify an increased absorbance corresponding with positive PC scores. With the exception of the 0 °C 

culture (which was more negative for PC-2 than the remaining treatment groups (not shown)), an increasingly 

positive trend is noticeable with increasing growth temperature across PC-1. This signifies that β-pleated 

sheets and carbohydrates are lower at these higher temperatures. The positive PC-3 scores of 0 °C and 1.5 °C 

relate to low levels of unsaturated fatty acids and lipids and higher carbohydrate levels. (n = 3 for all 

treatment groups except the 1.5 °C treatment (n = 1) which had two replicates removed due to contamination 

following harvest). 
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Figure 4. Partial Least Squares Regression model for C. pennatum growth temperature. The PLSR 

five-factor regression vector (a), derived from the normalised 2nd derivative data, represents the 

string of all regression coefficients (β), multiplied by the corresponding absorbance (χ) values 

(e.g. 𝛽𝛽1𝜒𝜒1 + 𝛽𝛽2𝜒𝜒2 + 𝛽𝛽3𝜒𝜒3 …); essentially, the sum of the resultants gives the predicted temperature. 

In the predicted versus reference validation plot (b) the linearity is clearly visualised and is 

supported by the high R2 and low Root Mean Square Error (RMSE) values in the 

(blue) calibration (0.98) and (red) validation (0.97) sets. 

Leave-one-out PLSR modelling (Figure 4) was performed to discriminate between growth 

temperatures. The predicted versus reference plot (Figure 4b) demonstrates a high level of 

predictive accuracy as evidenced by both excellent linearity, Pearson R2 values close to one and a 

Root Mean Square Error (RMSE) for both calibration and validations sets, of 0.23. This indicates that 

the FTIR spectra-based model can predict the growth temperature of C. pennatum cells to 

within ±0.23 °C.  

Differences in macromolecular composition between treatments were estimated using the average 

area under the curve of individual second derivative spectra at biological bands of interest. It was 
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not possible however, to quantify carbohydrate concentrations in this manner, due to the close 

proximity and strong influence of nearby silicate bands (Figure 3b). The results (Figure 5a) confirm 

that unsaturated fatty acid (UFA) content increases with increasing temperature, except at 4.5 °C 

which is not significantly different from 3.0 °C (one-way ANOVA, F3,69 = 187.33, p-value = 0). The 

greatest difference in UFA levels is evident between the 1.5 °C and 3 °C treatments. The neutral 

lipids (predominantly triacylglycerols) associated with 1740 cm-1 band (85, 156, 157) also vary with 

temperature (Figure 5b). At 0 °C and 1.5 °C growth temperatures, C. pennatum has a lower lipid 

content (Kruskal-Wallis chi-squared = 52.668, df = 3, p-value = 0) than those cultured at higher 

temperatures. There is a slight general trend of decreasing protein concentrations with increasing 

temperature. Protein levels were significantly different (one-way ANOVA, F3,69 = 23.87, p-value = 0) 

but not between all treatments. Protein levels are highest in C. pennatum grown at 0 °C and are 

significantly different from all other treatments; cells grown at 1.5 °C also have a higher protein 

content than those grown at 4.5 °C (figure 5c). The major observable effect of temperature on 

C. pennatum protein is in the differential ratios of α-helix to β-pleated sheets (Figure 5d) between 

treatments; α-helix concentrations are lowest and β-pleated sheets levels are highest in the 1.5 °C 

treatment, compared to cells at all other temperatures. The 0 °C, 3 °C and 4.5 °C have low levels of 

β-pleated sheets compared to α-helix protein conformations.  
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Figure 5. Relative cellular macromolecular concentrations of C. pennatum. The concentration of 

macromolecules derived from the average area under the curve of each infrared spectrum, based 

on the direct relationship that exists between absorbance and concentration according to the Beer-

Lambert Law. Significant differences are symbolised by different letters. C. pennatum unsaturated 

fatty acid (a) and lipid (b) concentrations are greatest at higher temperatures; the relative content 

of unsaturated fatty acids in the 4.5 °C treatment is 2.09 SD ±0.24 compared to 0.76 SD ±0.24 in 

the 0.0 °C treatment group. There is a general (but insignificant) trend of slightly decreasing protein 

concentration (c) in C. pennatum as growth temperatures increase; 0 °C cultures, however, have 

higher protein content (56.57 SD ±2.34) than the other treatment groups. The α-helix and β-pleated 

sheet levels (d) are similar in the 1.5 °C treatment (29.83 SD±2.21 and 24.37 SD ±2.21 respectively). 

The remaining treatments have higher levels of α-helix than β-pleated sheets with the highest 

level (41.30 SD ±2.61) present in the 0.0 °C treatment group. Error bars indicate the standard 

deviation. 
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Discussion 

To determine the effects of temperature variations on the Antarctic diatom C. pennatum, this study 

used ATR-FTIR spectroscopy, and pulse amplitude modulated fluorometry to determine variations 

in both physiology and macromolecular composition. Additionally, I generated spectroscopy-based 

Partial Least Squares Regression (PLSR) predictive models, indicating the relationship between 

diatom physiology and temperature. 

Growth rates 
The consistent growth rates of C. pennatum across the 0 °C to 4.5 °C temperature range, indicate 

that the general metabolic state of cells did not vary with temperature (24). Additionally, the healthy 

growth rates observed at 0 °C indicate that the critical minimum temperature may not have been 

attained in this study (49, 81). The average growth rates attained (Figure 1a) were almost double 

that of C. pennatum (as C. criophilum Castracane) determined in an earlier study (0.21 div d-1) at 

comparable light intensities and temperatures (24). This was unexpected given that maximum 

quantum yields (FV/FM) ranged between 0.3 (at 4.5 °C) to 0.47 (at 0 °C) in my study. Maximum 

quantum yield is an ideal indicator of photosynthetic health, averaging around 0.6 to 0.65 in 

microalgae. Yields below these levels indicate that photosynthetic capacity is reduced due to 

stress (142, 158). The comparatively healthy growth rates observed, do not suggest that 

C. pennatum cultures were stressed. Cultures in the earlier study appeared not to be aerated, which 

may explain the differences in growth rate compared with this study, as aeration avoids cell-shading 

due to settling and ensures a constant CO2 supply (121, 122). Alternatively, the low quantum yields 

obtained in this study may have been be due to a methodological error. The background 

fluorescence (i.e. fluorescence of filtered media) was not set as the base fluorescence prior to 

analysis. This can result in lower than actual estimations of the maximum quantum yield. However, 

a fresh media sample was tested for background fluorescence, and was found to be negligible. This 

explanation, therefore, seems unlikely, but is possible. An additional, alternative explanation for the 

low maximum quantum yields may be that the irradiance level during cultivation was damaging to 

PSII. However, C. pennatum was cultivated between 50 and 220 µmol photons m-2 s-1 in the similar 

experiment mentioned above, and the lowest growth rates were attained at the lowest irradiance 

level (24). As growth rates and maximum quantum yield are both indicators of microalgal health, it 

is unlikely that 50 µmol photons m-2 s-1 is damaging to the photosynthetic apparatus of 

C. pennatum (142, 158). 
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The evidence provided here suggests that C. pennatum is most likely an obligatory psychrophile, 

considering the inability to maintain cultures at 5 °C for the duration of the acclimation period and 

the eventual failure of all cultures at this temperature. However, it should be noted that 5 °C may 

not be the lethal threshold of C. pennatum. Despite the axenic culture conditions, all C. pennatum 

cultures grown at 5 °C had high bacterial loads prior to culture failure. Therefore, there is a 

possibility that 5 °C is the optimal temperature for bacterial fitness in this case, as opposed to a 

lethal threshold of C. pennatum. It is my conclusion however, that 5 °C is the lethal threshold for 

C. pennatum, because results agree with an earlier study, where optimal growth temperature of 

C. pennatum (named C. criophilum Castracane) was between 3 °C  and 5 ° ±1 °C, with a lethal 

threshold of 6 °C ±1 °C, which aligns well with the present study (24). This supports the hypothesis 

that Antarctic diatoms are obligatory psychrophiles, which has also been indicated by several 

studies (24, 159). There are exceptions, however. The Antarctic diatom Navicula glaciei, for 

instance, survived temperatures ranging from 4 °C to 30 °C (28). 

The lethal thermal threshold of organisms is an important factor influencing community 

structure (160). Additionally, the thermal optimum and thermal range of microalgae are closely 

linked to their biogeographical boundary, while interspecies variance also determines succession 

during seasonal shifts (11, 113). It has been proposed that organisms capable of physiologically 

adapting to high temperatures, will be dominant as a result of global warming (160). In a recent 

study, the polar diatom Chaetoceros simplex was cultured at -1.8 °C, 2 °C and 5 °C. Both maximum 

growth rates and maximum protein, carbon and energy content were achieved at the highest 

temperature, in conditions comparable to my study. Chaetoceros simplex have high phenotypic 

plasticity, coping well with Antarctic meltwater, pelagic and sea ice conditions (8). C. pennatum 

however, are more restricted to open waters in Spring (161). My results suggest that ideal 

conditions for Chaetoceros simplex survival and growth (5 °C) are potentially lethal to C. pennatum, 

and both these species inhabit Antarctic pelagic environments, demonstrating the potential for 

assemblage shifts as sea surface temperatures increase. Others suggest, however, that Antarctic 

microalgal assemblages will be determined by ice formation and decay, as opposed to physiological 

plasticity of individual species (162). 

Photophysiology 
Although strictly photochemical processes such as light absorption, reaction centre energy transfer 

and reaction centre charge separation are temperature-independent, light harvesting efficiency (α) 

is considered insensitive to temperature but can vary (5, 26, 75, 80). Light harvesting efficiency did 
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appear to be affected by growth temperature in C. pennatum at the highest temperature (4.5 °C) 

suggesting that pigment or light-harvesting complexes are affected by temperature in this 

species (70, 77). This suggests that the photophysiological performance of C. pennatum is inhibited 

by increasing temperature.  

In some diatoms, rETRMAX increases as temperature increases, while minimal changes occur in other 

diatom species (76, 80). It does, however, appear that once a maximum thermal threshold is met, 

electron transport rates decrease in many diatoms studied (57, 76, 80). In C. pennatum, rETRMAX was 

higher at 0 °C and 1.5 °C and lower at and 4.5 °C suggesting that this temperature is close to the 

maximum thermal threshold for C. pennatum.  

A decrease in rETRMAX with no change in α implies either impairment or regulation of the light-

independent reactions of photosynthesis (i.e. the Calvin cycle) as opposed to an effect on the rates 

of light harvesting (78, 101). Across the 0 °C to 3 °C gradient, consistent α values were observed; a 

decreasing trend in rETRMAX, however, was observed as temperature increased from 0 °C to 3 °C. 

This suggests that rETRMAX was limited by temperature-dependent downstream processes (101). 

Additionally, α did decrease at 4.5 °C which could indicate a decrease in either the number or 

pigment content, of light harvesting complexes at this temperature (70, 77). It is, therefore, possible 

that either downstream regulatory processes or an impairment in the light-harvesting apparatus are 

responsible for the reduction in light harvesting efficiency observed between 0 °C and 3.0 °C. 

However, impairment of the light-harvesting apparatus is likely at 4.5 °C, with an associated 

reduction in the photosynthetic capacity of C. pennatum.  

In diatoms, PSII maximum quantum yield (photosynthetic efficiency; FV/FM) can decrease as 

temperature increases or as temperatures exceed an upper or lower optimal level (26, 76). In C. 

pennatum FV/FM was significantly different between the 0 °C to 3 °C range but decreased at 4.5 °C 

which was similarly observed in the Antarctic diatoms Gyrosigma subsalinum and Odontella 

litigiosa (76). These decreases suggest that these higher growth temperatures result in PSII reaction 

centre damage in C. pennatum which can impede photophysiological performance. 

Macromolecular composition - lipids & fatty acids 
The major macromolecular products of diatom photosynthesis are carbohydrates (chrysolaminarin) 

and lipids (67). Additionally, relatively high rates of polysaccharide catabolism occur in both light 

and dark periods, suggesting that carbohydrates assume the role of food in diatoms, while lipids are 

reserved to withstand extreme environmental conditions, assisting long-term survival (163-165). 

Maximal microalgal lipid concentrations have, however, been reported to occur at optimal growth 
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temperatures (17, 28, 59, 63). This trend is evident in many diatoms including tropical, temperate 

and polar species where excess photosynthetic products are stored as neutral lipids, predominantly 

triacylglycerols (67, 166, 167). My results showed an opposite correlation (Figure 3b) between lipid 

content and carbohydrate content, in addition to higher lipid levels observed in C. pennatum grown 

at 3 °C and 4.5 °C. High lipid levels should indicate that 3 °C and 4.5 °C are optimal growth 

temperatures for C. pennatum, however, a concomitant increase in growth rates was not evident. 

Additionally, photosynthetic rates were lowest at the higher temperatures, suggesting that 

temperatures exceeding 1.5 °C are, stressful for C. pennatum (142, 158).  

It seems that fatty acid saturation in C. pennatum however, is in contrast with most diatoms, 

including polar species. Fatty acid saturation tends to decrease with colder temperatures to 

maintain membrane fluidity (63, 123, 168). This is particularly important for polar species as 

microalgal growth at near-freezing temperatures depends on the capacity to synthesise 

polyunsaturated fatty acids and other cold-adaptive molecules (123, 169, 170). C. pennatum has 

lower concentrations of unsaturated fatty acids at the lowest growth temperatures (0 °C and 1.5 °C) 

which contrasts with every study encountered during this research (Table 1, refs 17, 63-65, 68). For 

example, high polyunsaturated fatty acid levels are present at low temperatures in the polar 

diatoms Fragilariopsis curta, Navicula gelida var. antarctica, Nitzschia medioconstricta, and Navicula 

glaciei (28, 168). Additionally, the temperate or tropical diatoms (Table 1) Phaeodactylum 

tricornutum, Odontella aurita, Navicula incerta, Haslea ostrearia and Nitzscia paleacea all had 

higher degrees of saturation with increasing growth temperature which is necessary for membrane 

stability at higher temperatures (17, 63, 65, 68, 123, 171). 

While fatty acid saturation in many microalgae follow this general pattern, it has also been stated 

that any relationship between growth temperature and saturation is likely to be species-

specific (53 and references therein, 64). My results suggest this may be true, however, closer 

inspection of one study involving the diatoms Nitzscia paleacea and Nitzschia closterium revealed 

that neither diatom demonstrated a consistent positive linear correlation between fatty acid 

saturation levels across a 10 °C to 30 °C temperature range. Additionally, they had higher 

monounsaturated and polyunsaturated fatty acid concentrations respectively, within a 5 °C 

temperature increment in both cases, which is the range used in the current study (63). It is 

therefore possible, or even likely, that the limited temperature range used in my study is not 

indicative of a positive trend at temperatures outside of this range. Further to this, photosynthetic 

efficiency is impacted by the thylakoid membrane’s lipid composition and degree of fatty acid 
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saturation (169, 172). In photosynthetic organisms, higher levels of unsaturated fatty acids stabilise 

or aid the assembly of photosynthetic membrane proteins such as light harvesting complexes (LHCs) 

and photosystems, particularly at low temperatures (173, 174). The apparent opposite correlation 

between unsaturated fatty acid levels and photosynthetic efficiency in C. pennatum contrasts with 

this strategy and therefore deserves further investigation. 

Macromolecular composition - Proteins 
The effect of temperature on protein synthesis appears to be species-specific, although, in diatoms, 

high protein levels have been associated with temperature extremes, as a likely mechanism for 

maintaining either biochemical reactions or membrane fluidity. In contrast, protein denaturation 

can occur at very high temperatures (10, 53, 123). Thomas et al. (1992), suggested that microalgae 

minimise protein content at their optimal growth temperature (10). This is not true for all diatoms, 

however. For example, the polar diatom Chaetoceros simplex grown between -1.8 °C and 5 °C, 

achieved both maximum growth rates, and protein levels at the same (highest) temperature (8). In 

contrast, the protein content of the Antarctic diatom Navicula sp. was lowest at the lowest growth 

temperature tested (4 °C), which was also its optimal growth temperature (28). C. pennatum protein 

concentrations were highest at 0 °C with a small but significant decrease between the 0 °C and 4.5 °C 

treatments. Considering the increased photosynthetic rate demonstrated by C. pennatum at the 

lowest growth temperature, which is an indicator of microalgal health, it is unlikely that C. pennatum 

has minimum protein levels corresponding with optimal growth temperature, as suggested by 

Thomas et al. (1992). Additionally, C. pennatum contrasts with the Antarctic Navicula sp. mentioned 

above, although protein levels in the Navicula sp. may differ at 0 °C.  

Protein concentrations can mediate photosynthetic rates in microalgae. In saturating light, carbon 

fixation is hypothesised to be the rate-limiting processes in photosynthesis (70, 175), which involves 

(not exclusively) Rubisco-dependent processes (Ribulose-1,5-bisphosphate carboxylase/oxygenase) 

in the chloroplast (70, 175). The protein-heavy Rubisco enzyme present in the chloroplasts of 

temperate, tropical and polar microalgae, (and all plants) catalyses the carboxylation or oxygenation 

of ribulose-1,5-bisphosphate in the Calvin cycle and is exceedingly temperature-

dependent (175, 176). Additionally, the minimum affinity coefficient of Rubisco occurs between 3 °C 

and 5 °C (175). Higher concentrations of Rubisco have been noted in Antarctic microalgal strains, 

compared to mesophilic strains, possibly as a compensation for the reduced activity of Rubisco at 

low temperatures (176). However, only a few examples of this adaptation exist, supposedly because 

it is energetically inefficient (174). Rubisco is essential for the Calvin cycle and dominated by 
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β- pleated sheets (177). If Rubisco levels increased at lower temperatures in C. pennatum, high 

levels of β-pleated sheets would be expected in the 0 °C and 1.5 °C (113). However, only the 1.5 °C 

culture has increased levels of β-pleated sheets, compared to both warmer and cooler treatments. 

Results of this study, therefore, suggest that C. pennatum is unlikely to increase Rubisco content as 

a low temperature acclimation strategy and other low-temperature adaptations may explain its 

ability to withstand near-freezing temperatures. This may be important for understanding how 

increasing temperatures may affect this diatom. 

A recently proposed alternative explanation for the success of psychrophilic organisms suggests that 

increased ATP levels occur at near-freezing temperatures while the reverse is true for mesophilic 

and thermophilic species. As temperature increases, metabolic rates increase, and energy demands 

are higher as a consequence. Thermophilic and mesophilic organisms increase ATP production to 

satisfy this demand and growth rates increase as a consequence (178). In contrast, psychrophiles 

have been found to increase ATP levels as temperatures decrease, yet growth rates do not increase 

as a result (178). Additionally, the low temperatures experienced by polar diatoms limit the rate of 

carbon fixation (70, 175, 179). The reduced rate of energy consumption by carbon fixation must be 

balanced by a reduced supply of electrons, which is not limited in saturating light (179). 

Photosynthetic organisms can accomplish this by adjusting the photochemical efficiency of PSII (via 

altered pH gradients), subsequently reducing electron transport rates to downstream 

processes (180). In C. pennatum however, rETRMAX was highest at 0 °C and growth rates were not 

significantly different under all temperature treatments suggesting, firstly that electron supply is 

not reduced at low temperature and secondly that growth rates did not increase with increasing 

electron supply. It is, therefore, possible that C. pennatum, like other psychrophiles, diverts excess 

electrons to ATP synthesis (via PSII cyclic electron transport) at near freezing temperatures to 

maintain biochemical activity (178). The results of this experiment are insufficient to support this 

argument for three main reasons. Firstly, high levels of ATP are required to biosynthesise 

proteins (compared to lipids), and secondly, biomass may have increased. Both of these factors 

could account for electron consumption (181). Thirdly, an absolute ETRmax would be required in 

order to support this argument, which was not measured in this study. There is, however, sufficient 

evidence to recommend further investigation. 

Primary productivity, food webs and biogeochemical cycles 
Primary productivity is predicted to increase as sea surface temperatures increase (13). C. pennatum 

growth and photosynthetic rates did not increase with temperature, and photosynthetic efficiency 
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decreased at 4.5 °C. This would suggest that C. pennatum productivity could decrease with 

increasing temperature. However, biomass is a critical parameter for characterising primary 

productivity (75, 182). My findings may not represent the capacity for C. pennatum to accumulate 

biomass, because, for example, the relationship between photosynthetic efficiency and carbon 

assimilation is species-specific and therefore cannot be assumed to decrease when photosynthetic 

capacity is reduced (75). Additional factors include microalgal cell volume, which is often positively 

correlated with temperature (124, 182) and zooplankton grazing is another factor affecting primary 

productivity (182). Cell volumes and subsequent biomass were not measurable in this study, firstly 

because the observed non-symmetric nature of C. pennatum frustules at different growth stages 

rendered cell-morphology measurements almost meaningless and secondly, because there was 

insufficient biomass available for analysis, due to the limited culture volume (90 mL maximum) of 

the Multi-cultivators culturing vessels.  

Although the results of this study do not necessarily reflect the effect of temperature on the 

potential for primary productivity, they do demonstrate that peak photosynthetic rates of 

C. pennatum occurred at the lowest temperature. This aligns well with a study based along the 

southern boundary of the Antarctic Circumpolar Current, where primary productivity peaks were 

observed at -0.54 °C SD ±0.09 °C and krill distributions peaked at around -0.01 °C ±1.00 °C. Sightings 

of seabirds and baleen whales, the major predators of Antarctic krill, also correlated well with these 

peak krill numbers (183). In a separate study, vertical net hauls showed that C. pennatum was one 

of two dominant diatom species in this region (184 and personal comments therein). Sea ice 

dynamics, polar currents and associated nutrient enrichment, play a major role in these close 

associations, however, the similar temperature association between the observed high 

photosynthetic rates in C. pennatum and both the peak primary productivity and upper-level 

consumer numbers in the Southern Ocean could be correlative, or it could suggest that sea surface 

temperature can influence these food web dynamics. This deserves further attention and highlights 

the importance of ecological modelling in predicting the potential effects of climate change on these 

interconnected communities. 

Thermally induced shifts in macromolecular composition translate to changes in the nutritional 

value of diatoms, which can have flow-on effects for marine food webs. Lipids for example, are high 

energy molecules that serve as vital energy sources for Antarctic zooplankton (170, 185). Lipid levels 

in C. pennatum were elevated at the highest temperatures, which would appear to be advantageous 

to microalgal consumers, however, these benefits may be outweighed firstly by the concomitant 



41 
 

drop in the equally vital carbohydrate levels, which was evident in this study (47). Secondly, lipid 

accumulation is often oppositely correlated with microalgal biomass, which is an important element 

in primary productivity (165).  

The growth of upper-trophic level consumers in the Southern Ocean is primarily reliant on 

microalgal sources of protein and grazer-growth rates can decrease if protein sources are 

limited (41-43, 186). As apex consumers, humans could also experience altered diets if microalgal 

macromolecular composition is affected by increasing temperature, as essential fatty acids and 

proteins are often sourced via fish consumption (39). The decreasing levels of protein evident in 

C. pennatum as temperatures increase, warrants further investigation into the effects of 

temperature on microalgal composition. 

Variations in primary producer nutritional values can affect some microalgivore species, while 

others are unaffected (41-43, 46). The variations in macromolecular composition observed with 

temperature increases in this and other microalgal studies (Table 1), could therefore differentially 

affect the growth rates and survival of competing consumers (41). Changes in microalgal 

composition could therefore result in assemblage shifts throughout Southern Ocean food webs.  

Alternatively, thermally induced compositional changes in Antarctic diatoms or other microalgae 

could modify zooplankton behaviour, with subsequent knock-on effects impacting the food web. As 

an example, ingestion rates can vary dependent on microalgal attributes; immature Antarctic krill 

fed a choice of two differently sized microalgae, moderated ingestion rates according to the 

respective microalgal lipid content (187). This suggests that changes in microalgal nutritional value 

could affect nutrient and energy transfer efficiency to upper-level consumers, potentially altering 

both food web structure and biogeochemical cycles (188, 189). In understanding these processes, 

however, evolutionary ecology needs to be considered. For example, herbivorous zooplankton can 

adapt to shifts in lipid availability. Additionally, if the observed increases in lipid-levels with 

increasing temperatures occur in other microalgae, this may include an increase in the synthesis of 

toxic lipids by primary producers. The subsequent anti-predatory effects may further modify 

community dynamics (39).  

There is the possibility, however, that thermally-induced changes in microalgal composition may be 

inadvertently counteracted by other environmental effects of temperature. For example, the 

reduced protein levels observed in (the pelagic) C. pennatum as temperatures increased, may be 

concomitant with increased protein levels in sea-ice diatoms, which has been shown to occur when 

sea-ice duration and extent is reduced by prolonged warmer temperatures (113).  
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The consistent growth rates across the temperature range used in this study suggest that the effect 

of temperature on C. pennatum may not affect biogeochemical cycles. Growth rates, however, do 

not necessarily represent biogeochemical performance as inputs may vary despite a steady growth 

rate (81).  

ATR-FTIR spectroscopy 
While cultured organism-based predictive models may not be considered biologically relevant, the 

high predictive capacity demonstrated by spectroscopy-based modelling in this study demonstrates 

that this technique or variations of it can be highly valuable for predicting microalgal response to 

climate change. Current primary productivity models require improved methods for quantifying and 

describing the microalgal physiological responses affecting marine food webs. Two important 

questions that need to be resolved to improve these models are, what are the abiotic limiting 

factors? Which interacting environmental factors have the greatest influence on microalgal 

physiology? (190). The success of this study demonstrates that ATR-FTIR spectroscopy-based 

modelling could be used to address the first question. Additionally, recent research has successfully 

applied very similar methods to demonstrate the abiotic interactions and the physiological response 

of Antarctic diatoms (8, 113). The success of these studies demonstrates the utility of addressing 

these questions using ATR-FTIR spectroscopy based predictive modelling. Further to this, techniques 

such as the portable Raman acoustic levitation spectroscopic system could be applied in the field to 

characterise the in vivo macromolecular composition of individual cells. The non-destructive nature 

of this method means cells could be analysed then isolated for culturing and subsequent ATR-FTIR 

spectroscopy analysis, providing a field relevant snapshot of cell physiology prior to assessing the 

effect of abiotic factors on laboratory-grown cultures (104). 

Study competencies and limitations / future direction 
The trade-off between organismal functional traits (those that affect performance and subsequent 

fitness), fundamentally govern a species niche and ecological function (191). While this study has 

demonstrated the effects of temperature on parameters such as photophysiology, growth rates and 

macromolecular composition in C. pennatum, it is also necessary to determine the interactions and 

trade-offs between these traits to fully understand the broader implications of increasing 

temperature on primary productivity (81, 191). Considering the importance of both food webs and 

fisheries, microalgal ecology is increasingly being applied to understand the effects of 

environmental change (192). The multi-trait approach to temperature-based studies is potentially 

the way forward, and ATR-FTIR is very promising as a cost-effective, label-free and non-destructive 

tool which will be invaluable in this domain. Other authors have previously stated the need to 
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incorporate multiple functional traits and multiple environmental factors into ecological research, 

which I agree, is warranted (81). For example, the results of this study demonstrate changes in the 

concentration and structure of both proteins and lipids as temperature increases, however, 

subsequent levels of energy and nutrient transfer to upper tiers of the food web remain unknown. 

The dynamics of total cellular composition and environmental perturbance is perhaps too complex 

to adopt the reductionist approach as individual traits may respond similarly to different 

environmental perturbations. Photoinhibition, for example, can vary in response to both high light 

or high temperature, so it is necessary to measure the response of a suite of functional traits in 

response to multiple environmental stressors, to determine organism performance in response to 

climate change (81). Additionally, multiple oceanic factors, such as CO2 concentration, pH and both 

nutrient and light availability are likely to be altered (in terms of means or variability) and interact 

as the global climate changes (21, 81). Teasing apart the multiple stressors influencing both taxon-

specific and microalgal function will be paramount to understanding the effect of climate change on 

food webs, fisheries and biogeochemical cycles. However, there remains a need to isolate organism 

response to individual environmental stressors, such as temperature, to determine whether 

organism response is due to the stressor or to the interaction of multiple stressors, highlighting the 

need to retain both approaches.  

Species-specific studies may also provide a limited understanding of the effects of temperature 

increases on biochemical cycles. For example, frustule silicification is (not exclusively) dependent on 

growth rate and affects whole cell density (193, 194). Dense silicification of cells may provide 

defence against predation or alternatively, could result in rapid sinking (194). Subsequently, vertical 

carbon export (sinking) could increase as a result, affecting biogeochemical cycles. In both cases, 

nutrients and energy are removed from the immediate food chain, rendering protein and lipid 

variations unimportant at this level. Understanding the interactions between morphological and 

physiological traits is therefore necessary for understanding the effect of temperature on food webs 

and biogeochemical cycles (81). Behavioural traits too, deserve attention. Whilst diatoms dominate 

polar regions and have a significant role in oceanic elemental cycling there are many other 

contributors. Similar studies investigating the taxon-specific responses of microalgal groups are 

required, to better characterise the relationship between oceanic temperature variations, food web 

dynamics and biogeochemical cycles (81).  

It is also necessary to ensure that ecological functions are fully characterised, to provide context for 

ecology studies and modelling. For example, mixotrophy is common in microalgae and 
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heterotrophic strategies increase with rising temperature, with a concomitant reduction in electron 

transport rates. If this is widespread, it is likely to have significant effects on both net primary 

productivity and global carbon sequestration (195). This might be especially important if, like 

C. pennatum, mixotrophic microalgae have reduced electron transport rates as temperature 

minimally increase. Thermal responses are, however, often either taxon- or species-specific, further 

demonstrating why species-specific data remains relevant (26).  

Previous studies have shown that, in order to understand the effects of temperature on growth and 

physiology, results need to be placed in context. For example, one study found that growth rates of 

eight different microalgal species increased with rising temperatures, however, 25 °C was the 

highest temperature applied, and no decline in growth was detected at this temperature (10). The 

optimal and lethal thermal thresholds have not been established and so it is difficult to place results 

in context. This study is similar in that minimum thermal thresholds were unable to be attained as 

sub-freezing temperatures could not be applied to the Multi-cultivators. An improvement to this 

study in order to more effectively contribute to ecological models would be to increase the 

temperature range applied, to gain biologically and geographically relevant information (26). 

Additionally, this study effectively excluded genotypic variation (by culturing a clone) to obtain 

environmental, (not genetic) variations, however genotypic variation is also important. For example, 

different thermal optimums and critical minimum temperatures were associated with several 

strains of the same species, using a similar approach to this study, whereby cultures were grown 

under a range of temperatures in otherwise identical conditions (49). The single isolate of Corethron 

pennatum used in this study is insufficient for representing the species. 

Conclusion 
It is evident from this research that 4.5 °C negatively affects the photosynthetic capacity of 

C. pennatum. At higher growth temperatures, C. pennatum has reduced photosynthetic rates, 

higher lipid and unsaturated fatty acid levels and lower protein and carbohydrate levels. This 

indicates that increasing sea surface temperatures may be beneficial to microalgal grazers, 

providing greater levels of high-energy lipids and essential unsaturated fatty acids to upper trophic 

tiers. However, this comes at a cost to protein and carbohydrate levels, which are also vital to 

microalgal grazers. Any benefit provided by increasing sea surface temperatures is significantly 

outweighed by the high risk of exceeding the lethal threshold of diatoms such as C. pennatum, 

particularly in polar regions where some diatoms have a narrow thermal-window for 

survival (24, 71, 196). 
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The knowledge gained through this research can potentially contribute to global modelling 

experiments, helping to predict the effect of climate change on Southern Ocean ecosystems (9, 49). 

Additionally, this research has demonstrated that ATR-FTIR spectroscopy and spectra-based 

predictive models can accurately classify diatoms according to their growth temperature, based on 

variations in macromolecular composition. The high level of precision and accuracy of this technique 

would make it invaluable for ecophysiological research, potentially avoiding the inter-laboratory 

variability currently hindering ecological modelling efforts (91). 
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Supplementary material 
Table S1. Raw cell count data (part 1) 

C = Corethron pennatum, F = Flagilariopsis sp. (which was excluded from experiments during pilot trial)  
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Table S1. Raw cell count data (part 2)  
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Table S1. Raw cell count data (part 3)  
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Table S1. Raw cell count data (part 4)  



58 
 

Table S1. Raw cell count data (part 5)  
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Example of RStudio script and output: 

 
 

 
  



60 
 

 

Figure S1. Average second derivative spectra with standard deviations 
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