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ABSTRACT 

 Phytoplankton are the primary producers of the global ocean and their elemental 

stoichiometry (C:N:P) is a central feature of their ecology and biogeochemistry. Understanding 

the underlying mechanics of phytoplankton C:N:P variation is a key focus of marine 

biogeochemistry study. We used four diatom species of different sizes, Thalassiosira pseudonana, 

Thalassiosira weissflogii, Odontella mobiliensis, and Stephanopyxis palmeriana, to investigate 

how intracellular C:N:P varies with cell volume and determine the biochemical basis of that 

variation. To do this, we measured the main macromolecular components of C, N, and P in addition 

to the cellular quotas for these element in all four species during growth at near-optimal, nutrient 

replete conditions. This study found a negative relationship of C:P and N:P to cell volume that is 

supported by clear macromolecular mechanisms. This relationship is reflected by larger size-

scaling exponents of P relative to C and N. As cell volume increased, species allocated relatively 

more N and P to residual pools and less to biosynthesis as represented by protein, RNA, and chl 

a. This study demonstrates that C:N:P variation and P-allocation across a size spectrum reflects a 

tradeoff between biosynthesis and storage.  
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INTRODUCTION 

Phytoplankton regulate the global ocean 

Marine phytoplankton are key regulators of global ocean processes, such as primary 

production that supports marine food webs (Yvon-Durocher et al. 2015, Winder and Sommer 

2012) and the balance of CO2 between the ocean and atmosphere that regulates Earth’s climate 

(Follows and Dutkiewicz 2011, Winder and Sommer 2012, Diaz et al. 2008). All of these impacts 

are linked to the ways in which phytoplankton assimilate the key biological elements carbon (C), 

nitrogen (N), and phosphorus (P), with  the stoichiometry of these elements (C:N:P) within 

phytoplankton cells being a key determinant of their ecosystem roles. Nutrient export to the deep 

ocean in particular is dependent upon the C:N:P of phytoplankton that are sinking from the ocean’s 

surface; phytoplankton with a lower C:P and C:N, for example, export less carbon per each 

nutrient, which makes for less effective carbon burial (Galbraith and Martiny 2015). The C:N:P 

ratio also affects the efficiency of remineralization at depth by bacteria and archaea (Hessen et al. 

2003). Phytoplankton C:N:P also affects the higher trophic levels, as it represents their food quality 

for consumers, and by extension the efficiency of consumer grazing (Hessen et al. 2003). There is 

a particular focus on how phytoplankton process phosphorous, as P is the ultimate limiting nutrient 

for growth and productivity in the global ocean (Bjorkman 2014, Falkowski 2000). The C:N:P of 

particular phytoplankton reflects their requirement and subsequently their uptake of C, N, and P, 

which affects resource competition in phytoplankton communities (Tilman 1982).  

The C:N:P of phytoplankton regulates the C:N:P of dissolved nutrients in the ocean 

(Mouginot 2015), which was first suggested when Redfield noted that the C:N:P of surface 

phytoplankton closely resembled the C:N:P of dissolved nutrients at depth (Redfield 1958). The 

global C:N:P ratio of surface phytoplankton was defined by Alfred Redfield as 106:16:1 (Redfield 

1958, Falkowski 2000, Quigg et al. 2003). The Redfield ratio is considered a cornerstone of ocean 

biogeochemistry (Falkowski 2000, Quigg et al. 2003) and was assumed to apply all regions of the 

ocean, but has been found to vary (Moreno and Martiny 2018) with consistent geographic patterns; 

for example, lower than Redfield proportions of C:P tend to occur in polar regions and oligotrophic 

gyres, and higher proportions are found in subtropical gyres (Moreno et al. 2018). C:N:P variances 

will affect all processes that the C:N:P ratio affects, so understanding why phytoplankton C:N:P 
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varies is important to understanding why and how it will change and how these processes will 

respond to global changes such as those brought on by climate change.  

 

C:N:P Varies in Phytoplankton 

Although several factors have been suggested as drivers of the variation in phytoplankton 

C:N:P observed across ocean regions, this variation is generally attributed to taxonomic 

differences in phytoplankton composition and the physiological responses of phytoplankton to 

growth conditions. (Moreno and Martiny, 2018). Multiple studies have noted significant 

differences in C:N:P at the species level (Zimmerman et al. 2013, Liefer et al. 2019) and have 

found phylogenetic links to cellular C:N:P (Garcia et al. 2018, Quigg et al. 2003) which may 

encompass differences in evolutionary history (Quigg et al. 2003), adaptive strategies to 

environmental conditions (Garcia et al. 2018) and in broad scope, to differences in cell size 

between eukaryotic phytoplankton and marine cyanobacteria (Bertilsson et al. 2003, Martiny et al. 

2013). Regional variation has been linked to the phytoplankton species assemblage of the region 

(Martiny et al. 2013), as C:N:P varies across different phytoplankton taxa (Garcia et al. 2018, 

Quigg et al. 2003). Variation in the size of phytoplankton also affects their C:N:P (Garcia et al. 

2018) and may correspond with global nutrient patterns (Moore et al. 2013, Moore and Brown 

2020). Another potential driver of C:N:P variability is temperature, as phytoplankton N:P is found 

to be significantly lower at lower temperatures (Toseland 2013) and environmental conditions are 

linked to the global variation in phytoplankton species assemblages (Moore and Brown 2020).  

Phytoplankton also exhibit high C:N:P plasticity in response to environmental factors such 

as temperature (Geider and LaRoche 2002, Yvon-Durocher et al. 2015, irradiance (Finkel et al. 

2006, Geider and LaRoche 2002, Yvon-Durocher 2015), and nutrient conditions (Liefer et al. 

2019). However, while this plasticity does affect C:N:P, differences in intracellular C:N:P between 

phytoplankton taxa are more significant (Geider and LaRoche 2002).  
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Macromolecular Composition  

The C:N:P ratio of phytoplankton and its variation represents variation in the allocation of 

C, N, and P to macromolecules in the cell. Intracellular carbon is largely found in proteins, 

carbohydrates, and lipids (Finkel et al. 2016a, Zimmerman et al. 2014). The majority of cellular N 

is found in proteins (Lourenco et al. 2004), with smaller portions found in nucleic acids and, to a 

lesser extent, in chlorophylls (Geider and LaRoche 2002). Cellular P is often reported as being 

primarily allocated to nucleic acids (Geider and LaRoche 2002, Moreno and Martiny 2018), with 

the majority of P expected to be found in RNA, particularly ribosomal RNA, and a smaller fraction 

in DNA. However, storage pools of phosphorus have been shown to represent a majority of cellular 

allocation in some cases (Liefer et al. 2019) with polyphosphate being the most abundant form of 

P storage (Dyhrman, 2016). The extent to which cellular P is allocated to polyphosphate is poorly 

resolved as this has rarely been measured. Phospholipids are also an important P-containing 

macromolecule in the cell, but are a comparatively small proportion of the P quota (Geider & 

LaRoche 2002, Moreno and Martiny 2018). This macromolecular basis of phytoplankton C, N, 

and P allocation is known, although storage allocation remains a topic of discussion. A scarcity of 

macromolecular data inhibits our understanding of the systematic variation in C, N, and P 

allocation seen in phytoplankton, which has only recently been offered for the broadest taxonomic 

levels (Finkel et al. 2016b) and large cell size ranges (Finkel at al. 2016a).  

 

C:N:P and Cell Size 

Differences in basic cell structure and size of major phytoplankton taxa necessitates 

differences in the macromolecular composition of the cell, which is in turn reflected by differences 

in C:N:P. It can be difficult to separate the effects of phylogeny from the effects of cell size, as 

some taxa such as cyanobacteria and haptophytes contain generally small cells, while some taxa 

such as diatoms and dinoflagellates have a large size range with most cells larger than the other 

major taxa (Finkel et al. 2010). Differences in C:N:P between these major taxa reflect 

macromolecular differences due to their basic cell structure. Dinoflagellates generally have more 

carbohydrates than diatoms, which may be due to a thick carbohydrate- based cell wall in 

dinoflagellates rather than the silica- based cell wall characteristic of diatoms (Follows and 

Dutkiewiz 2011). Cyanobacteria tend to have a high protein content in comparison to other taxa 
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(Finkel et al. 2016b) which may be due to a higher protein requirement of their photosynthetic 

apparatus (Raven 1984). Cell size also affects phytoplankton function regardless of taxa, as it 

affects predation rate (Follows and Dutkiewiz 2011, growth rate (Finkel et al. 2016a, Follows and 

Dutkiewiz 2011), sinking rate (Finkel et al. 2016a, Follows and Dutkiewiz 2011) and nutrient 

storage (Finkel et al. 2016a), and may be linked to the macromolecular differences associated with 

these traits.  

Cell size affects macromolecular composition through basic changes in cell structure and 

functional requirements. As cells increase in size, the surface area : volume ratio tends to decrease, 

so allocation to carbohydrates or phospholipids associated with the cell membrane may decrease 

with increasing size. This may cause variation in the effect of cell size on C:N:P across broad 

taxonomic ranges depending on the composition of the cell wall, as previously discussed with 

diatoms and dinoflagellates. Increased cell size also causes self-shading, increasing the chlorophyll 

content required for light harvest in proportion to other macromolecules (Finkel 2001).  

The effects of cell size on macromolecular composition may be particularly relevant to 

diatoms, which have the largest variation in cell size of any major phytoplankton group (Finkel et 

al. 2010). A large central vacuole which takes up a great proportion of cell volume in larger 

diatoms (Sicko-Goad et al. 1984) and the aforementioned silicate cell wall in diatoms may increase 

the potential cell size effects. These two traits may contribute to a lower protein, carbohydrate, and 

lipid density, which doesn’t increase with cell size to the same extent as other taxa, observed in 

diatoms (Finkel et al. 2016a). This creates intracellular space for other macromolecules and may 

provide for the larger allocation of P to storage, which would most likely be in the form of 

polyphosphate (Dhyrman 2016), observed in diatoms relative to other taxa (Liefer et al. 2019). 

This increased allocation of N and P to storage in diatoms, which increases with size, has been 

suggested as a driver of low C:P observed in polar regions and upwelling areas where large diatoms 

are a greater part of the phytoplankton community (Weber and Deutsch 2010, Moreno et al. 2018).  

Cell size has also been found to affect growth rate (Mouginot et al. 2015), with a decrease 

in growth rate accompanying increasing cell size (Delong et al. 2010, Finkel et al. 2010, Follows 

and Dutkiewiz 2011). This in turn affects macromolecular composition. Higher growth rates 

require more biosynthetic machinery in the cell. Higher growth rates have therefore been 

hypothesized to result in a higher protein quota, as well as a higher RNA quota due to an increased 
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need for ribosomes (Moreno and Martiny 2018, Yvon-Durocher et al. 2015) which may be 

additionally affected by temperature due to the link between temperature and RNA function 

(Moreno and Martiny 2018). Consequently, an increasing cell size and correlating decrease in 

growth rate can be expected to reduce C:P, C:N, and N:P.  

 

Study Design 

This study will characterize the C:N:P ratio under replete conditions of four diatom species. 

Secondarily, the study will begin to address the effects of cell size on C:N:P variation with a 

breakdown of N and P into major N and P containing macromolecules to permit a better 

understanding of the underlying mechanisms of detected variation. Diatoms present a useful 

taxonomic group for this study because their large size range is advantageous to a study concerning 

cell size, and using one group of phytoplankton excludes the notable differences in growth rate 

and cell structure between different groups (Follows and Dutkiewicz 2011). Given the link 

between cell size and growth rate, and the link between growth rate and RNA content, we expect 

to find that the proportion of RNA decreases with increasing cell size. Additionally, we 

hypothesize that the proportion of P in storage macromolecules will increase with increasing cell 

size. This will be investigated using four species of diatom spanning a size range of four orders of 

magnitude, cultured at nutrient replete conditions at the same temperature in order to reduce 

environmental factors which could influence macromolecular composition beyond the effects of 

size.  
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METHODS 

Culturing 

Study Species 

The four species studied were Thalassiosira pseudonana (CCMP 1335), Thalassiosira 

weissflogii (CCMP 1336), Odontella mobiliensis (CCMP 597), and Stephanopyxis palmeriana 

(CCMP 814), all of which were obtained from the National Center for Marine Algae and 

Microbiota (NCMA).  
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Figure 1. Culture and Sampling Methods Overview. Row 1 depicts, in descending order,  the light 

conditions and media type used for each culture; all cultures were incubated at 18oC. Row 2 depicts 

on the left a 1mL aliquot sample of live culture and the fluorometer used to measure in-vivo raw 

fluorescence. Row 2 depicts on the right a microscope with a Sedgewick rafter chamber used to 

count T. weissflogii, S. palmeriana, and O. mobiliensis samples and a hemocytometer used to count 

T. pseudonana. Row 3 depicts the filtration tower used for sampling. The filter pressure of 18kPa 

is listed as well as three filter types used and labels where filtrate was taken from an extension of 

the filter tower. Row 4 depicts filters folded and stored in tubes or petri slides, and aliquot sample 

stored in a tube.  
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Culture Conditions 

All cultures were grown in triplicate at an ambient temperature of 18°C with a 12:12 

light:dark cycle. T. weissflogii and T. pseudonana were cultured at a light intensity of 110μmol m-

2s-1, O. mobiliensis at a light intensity of 60 μmol m-2s-1, and S. palmeriana at a light intensity of 

89 μmol m-2s-1. Light levels were measured for each culture bottle in its designated location using 

a Walz ULM-500 light meter, and were reassessed when culture volume, vessel or location 

changed. Growth media was prepared with artificial seawater according to Berges et al. (2001). 

Artificial seawater was made using ultrapure (Milli-Q) water then filtered through a GF/F filter 

and a 0.2μm polycarbonate (PC) membrane filter, bottled, and autoclave-sterilized. T. weissflogii 

and T. pseudonana were cultured in f/4 media (Guillard 1975), and media for T. pseudonana was 

enriched with selenate at 50% of L1 media concentrations. S. palmeriana and O. mobiliensis were 

cultured in modified L1 media (Guillard and Hargraves 1993). Media was prepared in a sterile 

flow hood and nutrient stock solutions were filter-sterilized with 0.2μm PC membrane syringe 

filters prior to addition to media.  

 

Culture Monitoring 

1mL aliquot samples of T.pseudonana, T. weissflogii, and O. mobiliensis were taken during 

each cultures acclimation period and growth was tracked as chlorophyll a (chl a) in-vivo 

fluorescence using a Turner Trilogy Fluorometer. Growth was monitored daily prior to sampling 

for T.pseudonana, T.weissflogii, and O.mobiliensis. Due to its size, S. palmeriana was monitored 

via cell density every 2 days. Prior to filter-sampling, cell count samples were taken and evaluated 

for each species in addition to in-vivo fluorescence samples. All subsampling for the purposes of 

monitoring was performed in a sterile flow hood.  

Cells density for T. weissflogii, O. mobiliensis, and S. palmeriana were measured in 1mL 

samples in a Sedgewick rafter chamber while cell density for T. pseudonana was measured in 12.5 

μL samples settled onto a hemocytometer. All cell count samples were preserved immediately 

upon collection with 2% Lugol’s solution. At high density, samples were diluted as needed. T. 

weissflogii cell counts obtained on the day of filter-sampling were stored at 7oC for four days prior 
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to counting; all other samples were counted on the day of collection. Monitoring counts were taken 

in duplicate or triplicate. Cell counts were taken in duplicate on sampling days when cultures were 

harvested.   

 

Sampling 

Filtration materials were acid-cleaned prior to use. Samples were collected onto filters at 

18kPa vacuum pressure. Sampling took place in the middle of the light cycle for each culture. 

Samples for chl a were collected on 25mm Whatman glass fiber (GF/F) filters. Samples for 

particulate carbon and nitrogen (PCPN) and total particulate phosphorus (TPP) were collected on 

acid-rinsed combusted 25mm Whatman GF/F filters. These filters were prepared prior to sampling 

by soaking in 10% HCl for 48 hours, then rinsed 6-10 times with ultrapure water and dried while 

protected from dust. The dry filters were then combusted in a muffle oven at 450oC for 3 hours. 

Samples for protein and RNA-DNA were collected on 25mm 0.8µm pore size polycarbonate 

filters. O. mobiliensis samples were rinsed with 0.2µm-filter sterilized artificial seawater (ASW) 

during filtration due to cells adhering to filter funnels. All other culture samples were rinsed with 

filter-sterilized ASW immediately after filtration of culture.  

Samples for chl a were placed in 20mL scintillation vials and -80°C immediately after 

sampling. Samples for PCPN were placed on polycarbonate filter plates and stored at -20°C 

immediately after sampling then removed and stored in desiccator prior to analysis. Samples for 

TPP were collected onto filters and rinsed twice with 1mL 0.17M Na2SO4. Filters were stored in 

20mL scintillation vials at -20°C. Prior to analysis, 2mL 0.017M MgSO4 was added to each 

sample, and samples dried in a drying oven at 60°C. Samples for protein and RNA-DNA were 

place in 2ml bead mile tube (MP Biomedicals, Lysing Matrix-D), flash frozen in liquid nitrogen, 

and stored at -80°C.  
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Elemental and Macromolecular Analyses 

For PCPN analyses, dried filters were folded, packed tightly in tin capsules and analyzed 

by an Elementar PyroCube Combustion Elemental Analyzer using sulfanilamide as a reference 

standard.  

Dried Samples for TPP were extracted using a protocol modified from Solorzano  and 

Sharp 1980. Samples were combusted at 450°C for 6 hours. 5mL 0.2M HCl was added to each 

sample and vials were mixed, then placed at 90°C for 1 hour and mixed again. Sample was 

transferred to 1.7mL microtubes, centrifuged at 10,000x g for 5minutes, then transferred again to 

1.7mL microtubes. Sample extracts were then transferred to a 96-well plate and analyzed for 

orothophosphate using a modification of the molybdenum blue method from Chen et al. 1956. The 

plate was mixed at 60 rpm for 5 minutes, then incubated at 37oC for 1 hour protected from light.  

For chl a analyses, samples were removed from the freezer and 5mL extraction solvent was 

added to each vial under dark conditions. The extraction solvent was a 3:2 solution of 90% 

acetone:DMSO (Shoaf and Lium 1976). Samples were then placed in the dark for 30 minutes, 

removed and mixed, then placed in the dark for 30 minutes. Each sample was mixed again, then 

subsamples were quickly transferred to cuvettes and chlorophyll a fluorescence was measured 

using a Turner Trilogy Fluorometer.  

 Samples for protein already in bead tubes were removed from -80oC and extracted in  

0.5mL of protein solubilization buffer (Brown and Audet 2008) and disrupted with a FastPrep-24 

homogenizer at 6.5m/s for four 1-minute cycles, with cooling on ice for 1 minute after each round. 

Sample supernatant was then transferred to 1.7mL microtubes and centrifuged at 10,000x g for 5 

minutes. 200uL supernatant was transferred and this extract was analyzed using the Pierce BCA 

Protein assay (Thermo Scientific), which is based on Lowry et al. 1951. 

 For RNA and DNA analyses, samples were extracted and analyzed according to Berdalet 

et al. 2005) and quantified by fluorescence in a opaque black 96-well plate.  

All spectrophotometry and fluorometry performed in 96 well plates used a SpectraMax M3 

plate reader (Molecular Devices).  
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Data Analyses 

Correlations and Size Scaling 

Correlations analyses were based on Pearson’s correlation coefficient and calculated using 

Microsoft Excel. Size-scaling exponents were calculated for each elemental and macromolecular 

quota, assuming a power law function relates cell volume and cell density according to the 

following equation: Q = a Vb, where Q is the cellular quota of a given element or macromolecule 

in pg cell-1, a is the y-intercept, V is cell volume in µm3, and b is the scaling exponent.  

To calculate size-scaling exponents, log-transformed cell volume and log-transformed cell 

quotas were compared with a simple Model I regression. The y-intercept of this regression 

corresponds to a and the linear slope corresponds to b, the size-scaling exponent. Regressions and 

95% confidence intervals were calculated in Graph Pad Prism.  

For size-scaling exponents to have predictive value, additional analyses would be needed 

to find fixed values for y-intercepts or different exponents should be calculated for different size 

ranges. Given the limited amount of data, size-scaling exponents were calculated with as a simple 

regression across all species without adjustments to the y-intercepts since scaling-exponents were 

only used for relative comparison across species in this study. 

 

Size and growth rate 

Biovolume was calculated using shape designations and formulae from Hillebrand et al. 

1999. The size of each strain was calculated using the dimensions of 39 cells from each species. 

O. mobiliensis and T. pseudonana biovolumes were calculated using means of each dimension, 

due to limited cells visible in views necessary to obtain every dimension for every cell. 

Correspondingly, the standard deviation for these reported values is propagated from each mean 

dimension. All biovolumes are summarized in Table 1.1 with standard deviation.  

Mean growth rates were calculated from growth rates obtained in a period of 6-7 

generations of growth prior to sampling and standard deviations were taken. Growth rates for T. 

pseudonana, T. weissflogii, and O. mobiliensis were taken from raw in-vivo fluorescence 

measurements and growth rates for S. palmeriana were taken from cell counts.  
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Replication 

All cultures were grown and sampled in triplicate. An instrument error during particular 

carbon and particular nitrogen analysis prevented accurate analysis of one replicate culture of T. 

pseudonana and one replicate culture of O. mobiliensis. These replicates were excluded from data, 

and so T. pseudonana and O. mobiliensis were analyzed in duplicate while T. weissflogii and S. 

palmeriana were analyzed in triplicate.  

 

C:N, N:P, C:P 

C:N, N:P, and C:P were calculated as molar ratios from particulate carbon, particular 

nitrogen, and total particulate phosphorous data. These ratios were plotted against cell volume in 

Figure 2.1.  

 

Macromolecular composition 

To calculate the percentage of total N or P represented by each major macromolecule for 

each species, the macromolecule content was first multiplied by the expected N or P content of the 

macromolecule, based upon values reported in Geider and LaRoche 2002. A mean was taken of 

the replicate cultures, and this was compared to the total N or P content. These percentages are 

reported in Table 2.1 and Table 2.2. A Pearson’s Correlation test was run between cell volume 

and major macromolecules, and the R values from this test are reported in Table 2.1 and Table 

2.2.  
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Results 

1. Size and Growth 

The cell volumes of all four species were closely linked to their growth rates, which 

declined with increasing volume. The ratio of the cell sizes was 836 : 533 : 13 : 1. High variance 

for S. palmeriana is noted due to complications presented by its size and its propensity to form 

chains that lead to variance in cell counts. There is also about a 4.4fold different in growth rate, 

which decreases with increasing cell volume.  

 

 

 

Strain Biovolume (μm3) Growth Rate (d-1) 

CCMP 1335 T. pseudonana 63.86 ± 20.00 0.96 ± 0.20 

CCMP 1336 T.weissflogii 814.98 s ± 296.74 0.72 ± 0.06 

CCMP 597 O. mobiliensis 34051.72 ± 14996.75 0.27 ± 0.09 

CCMP 814 S. palmeriana 53380.97 ± 13585.58 0.22 ± 0.20 

 

Table 1.1 Biovolume and growth rate measured for each cultured species and specifies strain. 

Error reported as standard deviation.  
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Figure 1.1 The relationship between the cell volumes of T. pseudonana, T. weissflogii, O. 

mobiliensis, and S. palmeriana, and their growth rates. Error bars indicate the standard deviations 

of the mean growth rate and mean cell volume for each species.  

 

2. C:N:P Variation 

The C:N, N:P, and C:P of each species had a negative relationship with cell size. The C:N, 

N:P, and C:P of T. pseudonana closely resembles Redfield proportions of 106:16:1, but all three 

ratios are markedly lower in S. palmeriana and showed a general decline with increasing cell size 

across the four species.  
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Figure 2.1  Relationship between a) C:N b) N:P, and c) C:P and the cell volumes of T. pseudonana, 

T. weissflogii, O. mobiliensis, and S. palmeriana.  
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Culture C:N N:P C:P 

T. pseudonana 6.97 ± 0.76 14.31 ± 2.66 97.70 ± 7.60 

T. weissflogii 6.57 ± 0.38 14.79 ± 0.28 97.03 ± 4.41 

O. mobiliensis 6.27 ± 0.78 10.73 ± 1.33 66.24 ± 0.05 

S. palmeriana 5.34 ± 0.52 8.93 ± 0.76 47.34 ± 0.76 

 

Table 2.1 Mean C, N, and P stoichiometry for all four species and their standard deviations.  

 

3. Elemental Allocation to Macromolecules  

N and P content of macromolecules was based upon values reported by Geider and 

LaRoche (2002). DNA and chlorophyll a account for a relatively small proportion of cellular P 

and N. In T. pseudonana, T. weissflogii, and O. mobiliensis, N is mostly found in proteins. In the 

largest diatom, S. palmeriana, residual N accounts for over half of intracellular N. Similarly, 

residual P significantly increases in proportion to other P-containing macromolecules with 

increasing cell volume. There is also a significant reduction in allocation of both P and N to RNA 

in the larger diatoms. Notably, the proportion of residual P in O. mobiliensis is smaller than the 

proportion of residual P in the smaller cell T. weissflogii. O. mobiliensis also has a larger proportion 

of P in DNA than the other three species.   
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 Protein RNA DNA Chl. a Residual 

T. pseudonana 63.93  8.54 1.49 1.95 24.09 

T. weissflogii 55.10 6.26 2.05 2.05 35.65 

O. mobiliensis 45.72 6.09 0.81 0.81 43.02 

S. palmeriana 42.74 3.97 1.09 1.09 51.18 

Correlation to Cell Volume (R) -0.78* -0.81*   +0.78* 

 

Table 3.1. Percent allocation of N to protein, RNA, DNA, chlorophyll a, and residual N for T. 

pseudonana, T. weissflogii, O. mobiliensis, and S. palmeriana. Proportion of N in proteins has a 

significant negative correlation with cell volume ( p = 0.007 ), as does the proportion of N in RNA 

( p = 0.004 ). Proportion of residual N has a significant positive relationship with cell volume ( p 

= 0.007).  

 

 RNA DNA Residual 

T. pseudonana 31.51 5.56 62.92 

T. weissflogii 24.57 3.71 71.71 

O. mobiliensis 17.20 12.5 70.30 

S. palmeriana 9.31 2.45 88.25 

Correlation to Cell Volume (R) -0.96* 0.14 0.78* 

 

Table 3.2. Percent allocation of P to RNA, DNA, and residual P for T. pseudonana, T. weissflogii, 

O. mobiliensis, and S. palmeriana. Proportion of P in RNA has a significant negative correlation 

with cell volume ( p < 0.001 ). Proportion of residual P has a significant positive relationship with 

cell volume ( p = 0.008). There is no significant correlation between proportion of P in DNA and 

cell volume.  
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a.         b.  

Figure 3.1 N and P allocation within the cell as a percentage of total N and total P, with a depicting 

P-allocation and b depicting N-allocation. N and P content in each macromolecule based upon 

values in Geider and LaRoche (2002), and residual N and P reported as N and P content not 

accounted for by macromolecules studied. Species names are abbreviated to the following; T.p. as 

T. pseudonana, T.w. as T. weissflogii, O.m. as O. mobilensis, S.p. as S. palmeriana.  
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4. Size Scaling Of Element and Macromolecule Quota 

Of the three elements, P has the highest size scaling far, and C has the lowest. Among 

macromolecules, Protein, RNA, DNA, and Chl. a have a lower size-scaling factor than residual N 

and P. These data have large confidence intervals due to the small number of points used for the 

calculation.  

 

Element or Macromolecule b  95% Confidence Interval 

Carbon 0.748 (0.5667 , 0.9292) 

Nitrogen 0.7813 (0.6073 , 0.9553) 

Phosphorus 0.8591 (0.7213 , 0.9969) 

Protein 0.723 (0.5464 , 0.8995) 

Chl a 0.6556 (0.4571 , 0.8540) 

RNA 0.702 (0.5403 , 0.8636) 

DNA 0.8458 (0.6309 , 1.061) 

Residual N 0.8911 (0.7554 , 1.027) 

Residual P 0.8891 (0.6782 , 1.100) 

 

Table 4.1. Size-scaling exponents (b) and confidence intervals of C, N, P, and measured 

macromolecules.  
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Discussion  

C:N:P 

Across the size range of the four species, the C:N, N:P, and C:P ratios decreased with 

increasing cell volume. This trend is shown in Fig. 2.1, and the elemental ratios are shown in Table 

2.1. This trend contradicts a comprehensive study of phytoplankton C:N:P in nutrient replete 

cultures, which  noted an increase in C:P and N:P with increasing cell size in diatoms (Garcia et 

al. 2018). One distinction between these studies is that the largest species we selected, O. 

mobiliensis and S. palmeriana, have substantially larger cell volumes than the diatoms species 

used in that study. This may indicate that the observed negative relationship between C:N:P and 

cell volume is visible on a broad size spectrum, but is less applicable on a smaller scale. This study 

also selected both pennate and centric diatoms and species that grew at different temperatures. 

Temperature adaptation can have a significant effect on C:N:P and intracellular nutrient allocation 

(Toseland 2013). Other C:N:P studies have noted lower mean C:P values across diatoms (Quigg 

et al. 2003), and have found the relationships between cell volume and C:P to more closely 

resemble the trend that we observed (Edwards et al. 2012, Parsons et al. 2019). These studies also 

noted a lower variance in C:N, which our data reflects with only a slight decrease in C:N as cell 

volume increases.  

 

Storage Allocation 

As predicted, allocation of intracellular N and P to residual pools increased with increasing 

cell size, depicted in Table 3.1, Table 3.2, and Fig. 3.1. We infer that Residual P represents P 

storage as other P-containing macromolecules, like phospholipids or metabolites such as ATP, 

have been shown to represent very small fractions of cellular P (Geider and LaRoche 2002; Liefer 

et al. 2019). This P storage likely represents orthophosphate (PO4
3-) stored in intracellular vacuoles 

(Miyata et al. 1986) and predominantly the storage macromolecule polyphosphate, which can 

represent the largest portion of cellular P under certain conditions (Rhee 1973; Dyrhman 2016; 

Liefer et al. 2019). Residual N is expected to contain molecules which may serve as storage, such 

as dissolved nitrate and free amino acids (Moreno and Martiny 2018). O. mobiliensis may have 

been an exception to the observed trend in allocation to P storage, possibly due to the relatively 
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large proportion of P in its DNA. As depicted in Table 3.2, 12.5% of intracellular P in O. 

mobiliensis was found in DNA, compared to 3.7% in the smaller diatom T. weissflogii, which had 

a slightly higher proportion of residual P. Though a larger genome size is associated with larger 

cells, this relationship can be highly variable (Koester et al. 2010). There is also the possibility that 

O. mobiliensis had an unusually high DNA content during sampling due to entering sexual 

reproduction. However, spontaneous sexual reproduction in diatoms is rare and tends to affect a 

small portion of a population (Hedge et al. 2011) and no spermatogonium or auxospores (pre- and 

post- fertilization sexual stages) were observed in any sample cell counts taken during the 

monitoring or sampling periods of the study. Interestingly, the proportion of P in RNA for O. 

mobiliensis more closely fits the overall trend with cell volume, and this is reflected in a higher 

correlation of cell volume with RNA than of cell volume with residual P or DNA (Table 3.1). This 

may indicate that with a higher steady requirement of P for DNA, allocation of P to RNA is made 

at the expense of P storage, which is a response that would favor maximized growth.  

 

Biosynthetic Components 

RNA and proteins are associated with biosynthesis, with the vast majority of RNA 

associated with rRNA in ribosomes (Sterner and Elser 2002). Thus, increased rRNA and proteins 

are expected with increased growth rate (Elser et al. 2000; Moreno and Martiny 2018, Zimmerman 

et al. 2014). Increasing proportions of residual N and P corresponded to decreasing proportions of 

N and P allocated to RNA (Fig. 3.1). This suggests a tradeoff between allocation to nutrient storage 

and allocation to biosynthesis. Large size in diatoms is associated with lower growth rate, which 

was found in the four species studied (Table 1.1; Fig. 1.1), suggesting a link between growth rate 

and macromolecular allocation that is difficult to distinguish from the effects of cell volume. 

However, diatoms have a uniquely large central vacuole (Sicko-Goad et al. 1984) which may allow 

them to reach a larger cell volume with a lower degree of size-scaling in their macromolecules 

(Finkel et al. 2016a). The silica cell wall characteristic of diatoms thickens with increasing cell 

volume (Brzezinski 1985) and doesn’t require the additional macromolecular support necessary 

for other phytoplankton, which would increase carbohydrate, lipid, and protein requirements 

(Finkel et al. 2016a). This is why we hypothesized in this study that diatoms would increase N and 

P storage with increasing cell volume.  
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Tradeoffs between biosynthetic, structural, and storage macromolecules in diatoms, 

relative to other taxa, was supported for N by previous work that identified lower size-scaling 

exponents for protein (Finkel et al. 2016) and increased intracellular storage of dissolved inorganic 

nitrogen (Dortch et al. 1984) in diatoms. Similarly, we identified less allocation of N to protein 

(Table 3.1), and a lower size-scaling exponent for protein compared to cellular C and N (Table 

4.1). We also show similar support for a tradeoff with P, as the percentage of P allocated to RNA 

decreases with increasing cell volume and has the lowest size-scaling exponent among major 

macromolecules.  

 

Implications 

The changes in C:N:P across the four-species size range in this study suggest that cell 

volume on a broad scale is linked to cellular C:N:P through specific changes in the allocation of 

nutrients to macromolecules. Martiny et al. (2013) found that variation in C:N:P in the ocean could 

be linked to regional differences in dominant phytoplankton taxa, such as diatoms with low N:P 

and C:P vs. cyanobacteria with higher C:N:P (Martiny et al. 2013). This study suggests that 

differences in cell volume correlate to interspecific C:N:P and nutrient allocation differences. Cell 

size is currently used in some models to group phytoplankton traits (Follows and Dutkiewiz), and 

linkages demonstrated between cell volume and intracellular nutrient allocation positions cell 

volume as a potentially useful trait for predicting C:N:P across ocean regions. Moreno et al. (2018) 

demonstrated that the assumption of increased P storage with increased cell size enabled modelling 

to broadly predict global patterns in C:N:P variation. Further research should be conducted to 

resolve the distinctions between the effects of cell size and the effects of growth rate, and to 

investigate the role of DNA content in the nutrient allocation and C:N:P trends correlated with cell 

volume.   
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